AD 


Award  Number:  W81XWH-04-1-0279 


TITLE:  Intra-Prostate  Cancer  Vaccine  Inducer 


PRINCIPAL  INVESTIGATOR:  Robert  E.  Humphreys,  Ph.D. 


CONTRACTING  ORGANIZATION:  Antigen  Express,  Incorporated 

Worcester,  Massachusetts  01606-2478 


REPORT  DATE:  February  2005 


TYPE  OF  REPORT:  Annual 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  074-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining 
the  data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for 
reducing  this  burden  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204.  Arlington,  VA  22202-4302,  and  to  the  Office  of 


7.  AGENCY  USE  ONLY 

2.  REPORT  DATE 

3.  REPORT  TYPE  AND  DA  TES  COVERED 

Heave  blank) 

February  2005 

Annual  (26  Jan  2004  -  25  Jan  2005) 

4.  TITLE  AND  SUBTITLE 

Intra-Prostate  Cancer  Vaccine  Inducer 


5.  FUNDING  NUMBERS 

W81XWH-04-1-0279 


6.  AUTHOR!  SI 

Robert  E .  Humphreys ,  Ph . D . 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESSES I 

Antigen  Express,  Incorporated 
Worcester,  Massachusetts  01606-2478 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


Humphreys 3 @aol . com 


9.  SPONSORING  /  MONITORING 

AGENCY  NAME! SI  AND  ADDRESS/ES) 

10.  SPONSORING  /  MONITORING 

AGENCY  REPORT  NUMBER 

U.S.  Army  Medical  Research  and  Materiel  Command 

Fort  Detrick,  Maryland  21702-5012 

11.  SUPPLEMENTARY  NOTES 

12a.  DISTRIBUTION  /  A  VAILABILITY  STA  TEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  /Maximum  200  Wordsl 

Substantial  progress  has  been  made  in  creating  a  simple,  feasible  method  to  induce  an 
anti -cancer  immune  response  in  prostate  cancers  or  metastases  by  manipulating  the 
regulation  of  the  immune  response.  Cancer  cells  are  transformed  into  antigen  presenting 
cells  by  inducing  of  the  MHC  class  II  molecules  and  suppressing  the  co-induced 
immunoregulatory  Ii  protein  with  antisense  or  siRNA  methods .  The  resulting  anticancer 
immune  response  is  profound,  curing  up  to  80%  of  mice  with  established  prostate  tumors, 
transplanted  into  their  normal  prostates.  The  important  achievement  of  this  past  year  has 
been  to  design,  synthesize  and  validate  two  second  generation  reagents,  for  mice  and 
humans,  that  are  more  potent,  simpler  to  use,  and  set  the  stage  for  definite  preclinical 
validation  in  mice,  and  with  human  tumors  in  tissue  culture.  Substantial  improvement  on 
the  reagent  of  the  original  grant  proposal  was  achieved  by  a)  tripling  the  expression  of 
the  reverse  gene  construct  which  suppresses  Ii  protein  expression,  and  b)  by  both  chemical 
and  plasmid  genetic  forms  of  small  inhibitory  RNA,  which  achieve  the  same  end,  but  with 
surprising  potency.  These  substantial  technical  advances  (under  Tasks  1  and  2)  set  the 
stage  for  advancement  toward  clinical  trials  (when  justified  by  data  from  next  year's 
effort) . 


14.  SUBJECT  TERMS 

Prostate  cancer,  vaccine,  T  helper  cell,  immune  response 


15.  NUMBER  OF  PAGES 

36 

16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION 

18.  SECURITY  CLASSIFICATION 

19.  SECURITY  CLASSIFICATION 

20.  LIMITATION  OF  ABSTRACT 

OF  REPORT 

OF  THIS  PAGE 

OF  ABSTRACT 

Unclassified 

Unclassified 

Unclassified 

Unlimited 

NSN  7540-01-280-5500 


Standard  Form  298  (Rev.  2-89) 

Prescribed  by  ANSI  Std.  Z39-18 
298-102 


Table  of  Contents 


Cover . 

SF  298 . 

Introduction . 

Body . 

Key  Research  Accomplishments 

Reportable  Outcomes . 

Conclusions . 

References . 

Appendices . 


.1 

.2 

.4 

.4 

.10 

.11 

.12 

13 

.14 


3 


INTRODUCTION 


We  have  created  a  novel  prostate  cancer  immunotherapy  by  converting  cancer  cells  into  antigen 
presenting  cells  (APC)  in  vivo.  By  presenting  endogenous  tumor  antigens,  such  cells  induce  a 
potent  T-helper  cell-mediated  immune  response,  which  helps  CD8+  T  cells  to  eradicate  residual 
tumor  and  micrometastases.  We  convert  tumor  cells  into  APC  by  inducing  MHC  Class  II 
molecules  and  then  suppressing  the  immunoregulatory  Ii  protein,  which  normally  blocks  the 
antigenic  peptide  binding  site  of  MHC  Class  II  molecules  at  synthesis  in  the  endoplasmic 
reticulum  from  binding  of  endogenous  antigenic  peptides  that  have  been  transported  into  that 
compartment.  The  therapeutic  phenotype  is  therefore  MHC  Class  II+/Ii-  tumor  cells.  By 
creating  such  MHC  Class  I+/II+/Ii-  phenotype,  tumor  cells  simultaneously  present  endogenous 
tumor  antigens  through  both  MHC  Class  I  and  II  to  activate  both  CD4+  and  CD8+  T  cells, 
generating  a  very  potent  tumor  cell  vaccine.  Prior  to  this  grant  we  had  proved  the  principle  that 
in  situ  intratumor  suppression  of  Ii  protein  in  cells  also  rendered  MHC  class  II  molecules- 
positive  was  a  potent  therapeutic.  In  the  first  year  of  this  grant  we  have  optimized  and  validated 
a  more  potent  Ii  suppression  reverse  gene  construct  containing  3  reverse  genes  of  Ii  protein. 
However,  the  major  advance  in  this  past  year  was  to  adapt  methods  of  small  inhibitory  RNA 
(siRNA)  to  inhibit  Ii  protein  expression.  The  field  of  siRNAs  is  moving  very  swiftly  and  we 
conceived  of  adapting  this  method  to  our  objective  in  the  original  proposal  without  emphasizing 
it.  The  initial  results  were  excellent,  leading  to  potent  synthetic  oligonucclotidc  siRNA  dimers, 
and  genetic  constructs  suitable  for  murine  and  human  cells.  These  results  are  presented,  will  be 
published  and  appear  to  be  eliciting  interest  by  major  pharmacological  oncology  firms  toward 
additional  preclinical  development. 


REPORT  BODY 

Task  1:  Clone  CIITA  cDNA  gene  into  three-copy  Ii-RGC(-92,97)  and  verify  the  induction 
of  MHC  Class  II+/Ii-  phenotype  in  vitro  and  in  vivo  (Months  1  through  6). 

a.  Construction  of  plasmid  containing  triple  Ii-RGC  and  CIITA.  We  have  constructed  a 
three-copy  Ii-RGC(-92,97  which  is  most  effective  in  Ii-suppression.  We  will  clone 
CIITA  gene  into  this  plasmid  to  generate  pBudCE4.1/CIITA/Ii-RGC(-92,97)3  which 
contains  EF-la-CIITA,  CMV-Ii-RGC(-92,97),  RSV-Ii-RGC(-92,97),  and  UbC-Ii-RGC(- 
92,97). 

b.  Verify  the  induction  of  MHC  Class  II+/Ii-  phenotype  in  RM-9  cells  by 
pBudCE4.1/CIITA/Ii-RGC(-92,97)3  in  vitro  and  in  vivo.  RM-9  cells  will  be  transfected 
with  pBudCE4.1/CIITA/Ii-RGC(-92,97)3  and  selected  with  antibiotics.  The  resulting 
lines  will  be  assayed  by  fluorescent  staining  and  FACS  analysis.  In  vivo  transfection  will 
be  done  by  injecting  RM-9  tumor  nodules  with  pBudCE4.1/CIITA/Ii-RGC(-92,97)3  and 
followed  by  immunohistostaining  with  antibodies  to  MHC  Class  II  and  Ii. 

1.  Induction  of  MHC  class  II  and  Ii  in  DU145  human  prostate  tumor  cells.  DU145  is  a  well- 
studied,  human  prostate  tumor  cell  line.  It  is  a  MHC  class  II-negative/Ii-negative  tumor  line.  In 
order  to  effect  Ii  protein  suppression  in  a  MHC  class  II  molecule-positive  tumor,  we  have  to  first 
generate  MHC  class  II+/Ii+  DU145  tumor  cells.  This  effort  mimics  our  requirement  to  work 
with  MHC  class  Il-negative,  Ii  protein-negative  human  prostate  tumors  within  patients.  Since 
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MHC  class  II  transacting  factor  (CIITA)  is  the 
master  inducer  of  MHC  class  II  molecules  and 
Ii  protein,  we  have  used  a  plasmid  containing 
a  gene  encoding  the  CIITA  transacting 
protein,  to  transfect  the  tumor  cells,  to  act  on 
regulatory  elements  preceding  the  respective 
structural  genes  to  induce  the  expression  of 
MHC  class  II  molecules  and  Ii  protein.  We 
used  the  gene  gun-mediated  method  to  deliver 
CIITA  into  cells.  The  genes  are  coated 
uniformly  on  ultra-small  gold  beads,  to  insure 
quantitative  delivery  per  cell  and  a  constant 
ratio  of  CIITA  to  Ii-RGC  per  cell.  For  each 
cartridge  (one  cartridge  per  shooting),  0.5  mg 
of  1  pm  gold  microparticles  was  used. 

Briefly,  the  indicated  amount  (5-20  mg  for  10- 
40  cartridges)  of  gold  microparticles  was 
suspended  by  sonication  in  1 00  pi  of  0.05  M 
spermidine.  The  indicated  amount  of  total 
DNA  at  a  concentration  of  1  pg/ml  in 
endotoxin-free  water  was  added  and 
sonicated;  1 00  pi  of  1  M  CaCh  was 
subsequently  added  dropwise.  This  gold- 
DNA  mixture  was  washed  3  times  using  250 
pi  of  1 00%  ethanol  and  finally  re-suspended 
with  the  indicated  amount  of  100%  ethanol  (1 
ml  for  producing  17  coated  0.5-inch 
cartridges).  The  coated  cartridges  were  stored 
at  4°C  with  desiccant  prior  to  use.  For 
transfecting  DU  145  cells,  106  cells  in  20  ml  medium  was  plated  onto  a  tissue  culture  dish  in 
about  1  cm  diameter  circles,  which  were  subjected  to  a  gene  gun  shooting  with  one  0.5-inch 
cartridge  using  a  helium  pressure  of  350  psi.  After  culturing,  cells  were  stained  with  anti-MHC 
class  II  (FITC-conj ugated  anti-human  HLA-DR)  and  anti-Ii  monoclonal  antibodies  (anti-human 
CD  174  plus  FITC-conj  ugated  anti-mouse  IgG)  and  analyzed  by  flow  cytometry  to  determine  the 
percentage  of  MHC  class  II+/Ii-  cells.  Figure  1  shows  the  FACS  profile  of  a  representative 
experiment.  One  observes  that  more  than  50%  of  DU  145  cells  have  been  induced  to  MHC  class 
II  molecules  and  Ii  protein  at  0.5  ug  of  CIITA/cartridge.  The  express  of  MHC  class  II  and  Ii  is 
CITA  dose-related. 

2.  Construction  of  Ii  suppressing  genetic  constructs:  Ii-RNAi.  We  previously  constructed 
effective  Ii-RGCs  (Ii  reverse  gene  constructs),  which  effectively  inhibited  Ii  expression  in  many 
murine  tumor  cells.  Likewise  we  previously  constructed  and  validated  active  human  Ii-RGCs. 
However,  recent  reports  (in  particular  since  the  submission  of  the  grant  proposal)  have  shown 
that  RNAi  technology  is  possibly  a  more  effective  and  reliable  method  to  silence  specifically 
expression  of  a  given  gene.  Therefore,  we  constructed  the  Ii-RNAi  to  suppress  human  Ii 
expression  in  prostate  cancer  cells.  However,  since  the  DU  145  human  prostate  cancer  cell  line  is 
MHC  class  Il-negative  and  Ii  negative,  we  did  the  initial  testing  the  Raji  MHC  class  II+/H+ 


Generation  of  MHC  Class 
II+/li+  Human  Prostate  Tumor 

Ii  staining  MHC  II 

3 


DU-145 


(+)  control 
Raji 


3 

DU-145 

CIITA 

(0.25ug) 


DU-145 
CIITA 
(0 . 5ug) 

Figure  1.  MHC  class  II  and  Ii 
protein  induction  by  CIITA  gene 
transfection  Gene  gun  method 
was  used  to  deliver  the  DNA. 
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lymphoma  cell  line.  Ten  Ii-RNAi  expression 
constructs  were  engineered  in  the 
pSuppressorAdeno  plasmid  (Imgenex,  CA), 
following  standard  molecular  biology  techniques 
and  instructions  of  the  manufacturer.  The  Ii-RNAi 
sequences  were  designed  according  to  either  a 
computer  algorithm  of  Imgenex  or  by  inspection  by 
our  scientists.  Raji  cells  were  used  for  testing  the  Ii 
suppressing  activity  of  these  Ii-RNAi  constructs. 
Three  out  of  the  ten  Ii-RNAi  constructs  were 
significantly  active  in  suppressing  Ii  protein 
expression.  Figure  2  shows  that  the  three  Ii-RNAi 
constructs  significantly  inhibited  Ii  expression  in 
about  40-50%  of  cells  (reflecting  the  transfection 
efficiency)  without  affecting  expression  of  MHC 
class  II  molecules.  Raji  cells  were  transfected  in 
vitro  with  the  Ii-RNAi  constructs  using  gene  gun 
delivery.  Cells  were  then  cultured  for  1 8-24  hours 
and  stained  with  anti-Ii  and  anti-HLA-DR 
antibodies  and  analyzed  by  flowcytometry  for  Ii 
and  MHC  class  II  expression.  The  active 
constructs  will  be  used  for  optimization  of  the  Ii 
suppression  in  the  experiments  planned  in  DU  145 
prostate  cells,  which  are  underway,  below. 
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Figure  2.  Ii  inhibition  in  Raji 
cells.  Cells  were  stained  with 
anti-human  Ii  (left)  and  HL.A-DR 
antibodies  (right).  PO  is  empty 
plasmid  control 


3.  Continuing  work  for  the  induction  of  MHC 

class  1I+/H- phenotype  in  DU145human  prostate  cancer  cells.  DU  145  cells  will  be  gene  gun- 
transfected  with  CIITA  plus  Ii-RNAi  constructs.  We  have  shown  in  Raji  cells  that  p4  plus  p7 
give  an  additive  effect  in  Ii  inhibition.  We  will  use  0.5  mg  of  CII  TA  plus  0.5,  1.0,  1.5,  2.0,  and 
2.5  pig  (one  cartridge  can  be  coated  with  3.0  pg  of  DNA  according  to  our  experience)  of  p4+p7 
(halfihalf).  Cells  will  be  then  incubated  for  18,  40,  and  64  hr  and  then  stained  with  anti-HLA- 
DR  and  Ii  antibodies.  The  FACS  analysis  will  be  performed  to  evaluated  the  staining  profile. 
The  reason  for  using  1:1  to  1:5  ratios  of  CIITA  versus  Ii-RNAi  is  that  in  B16  cells,  we  have  to 
use  4  times  more  Ii-RGC  to  suppress  Ii  in  co-transfection  experiments.  Once  we  have 
demonstrated  the  effective  use  of  CIITA  plus  an  siRNA  construct,  we  will  return  to  the  original 
goal  of  putting  both  genes  into  one  plasmid,  as  described  in  the  original  Task  1 .  We  expect  to 
have  then  a  much  more  potent  product  for  the  completion  of  the  projected  studies. 


4.  Inhibition  of  murine  invariant  chain  (Ii)  in  bone  marrow-derived  dendritic 
Cells.  In  parallel  to  the  above  efforts  to  create  effective  siRNAs  for  use  in  human  cells,  we  have 
pursued  the  design,  synthesis  and  validation  of  similar  reagent  for  murine  cells.  The  bulk  of  our 
Task  2  is  to  validate  our  reagents  in  murine  models.  We  have  successfully  demonstrated  the 
inhibition  of  Ii  in  murine  cells  using  synthetic  and  expressed  siRNAs  for  the  purpose  of 
enhancing  the  presentation  of  MHC  class  II  epitopes  in  antigen  presenting  cells.  These 
experiments  have  been  pursed  first  in  dendritic  cells  for  two  reasons.  1)  They  are  already  MHC 
class  Il-positive  and  Ii  protein-positive,  i.e.,  they  do  not  need  to  be  induced  with  CIITA,  2) 
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Suppression  of  Ii  in  DCs  leads  to  additional  ways  to  vaccinate  against  prostate  cancer  antigens, 
e.g.,  gene  transduction  for  PSA  or  PSMA. 

In  an  effort  to  decrease  murine  Ii  expression  in  antigen  presenting  cells,  we  synthesized  siRNA 
molecules  specific  for  murine  Ii  mRNA.  Two  siRNA  molecules  specific  for  murine  Ii  mRNA 
were  introduced  into  murine  dendritic  cells  and  the  J774  promyelocytic  leukemia  cell  line  using 

CONTROLS  EXPERIMENTAL 


Cl  El 


Figure  3  (Cl)  represents  flow  cytometric  analysis  of  DC  stained  with 
only  a  secondary  goat  anti-mouse  FITC  antibody.  (C2)  DC  fed  with  YGP 
were  stained  with  a  primary  murine  Ii-specific  antibody  and  a  secondary 
goat  anti-mouse  FITC-conjugated  antibody.  (El)  DC  fed  with  YGP 
particles  loaded  with  the  Ii  RGCx3  plasmid;  stained  with  a  primary 
murine  Ii  specific  antibody  and  a  secondary  goat  anti  mouse  FITC 
antibody.  (E2)  DC  fed  YGP  loaded  with  synthetic  siRNA  specific  for 
murine  Ii  were  stained  with  a  primary  murine  Ii-specific  antibody  and  a 
secondary  goat  anti-mouse  FITC-conjugated  antibody. 


TABLE  1 


Percent  Positivity  of  Murine  HLA-DR  Invariant  Chain 
in  Murine  Dendritic  Cells  of  Figure  4  . _ 


YGP 

Construct 

Ii 

Antibody 

%  Ii 

Positive 

Control  1 

- 

- 

6 

Control  2 

+ 

+ 

66 

Experimental  1 

+ 

Ii  RGCx3 

+ 

36 

Experimental  2 

+ 

Ii  siRNA  2 

+ 

28 

chemically  modified  yeast  glycan  particles  (YGP).  The  YGP  particles  are  taken  up  by  DCs  in  a 
receptor  mediated  process  that  results  in  efficient  expression  of  plasmid  DNA  and  delivery  of 
synthetic  siRNA.  We  have  previously  used  a  plasmid  pli  RGCx3  that  results  in  decreased 
expression  of  Ii  protein  when  transfected  into  Ii  positive  cells.  This  plasmid  was  constructed 
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using  a  portion  of  the  Ii  coding  sequence  inserted  into  an  expression  plasmid  in  the  reverse 
orientation.  Using  an  antibody  specific  for  Ii  and  flow  cytometry,  the  expression  of  Ii  is  detected 
on  66%  of  murine  DCs  as  shown  in  figure  1,  C2.  Ii  expression  was  not  affected  by  empty  YGP 
particles.  Transfection  of  pli  RGCx3  resulted  in  a  decrease  in  Ii  expression,  as  shown  in  Figure 
3  and  Table  1).  Transfection  of  synthetic  siRNA  also  resulted  in  a  decrease  in  Ii  expression  as 
shown  in  Figure  4  and  Table  2). 


CONTROLS 


EXPERIMENTAL 


Figure  4  (Cl)  represents  flow 
cytometric  analysis  of  J774 
stained  with  a  secondary  goat 
anti  mouse  FITC  antibody. 

(C2)  J774  stained  with  a 
primary  murine  Ii  specific 
antibody  and  a  secondary  goat 
anti  mouse  FITC  antibody. 

(C3)  J774  transfected  with 
empty  YGP  particles.  (El) 
J774  transfected  with  YGP 
particles  loaded  with  the  Ii 
RGCx3  plasmid.  (E2)  J774 

transfected  with  YGP  particles 
loaded  with  synthetic  siRNA 
specific  for  murine  Ii.  (E3) 
J774  transfected  with  YGP 
particles  loaded  with  an 
expression  plasmid  psiRNAl-2 
encoding  an  siRNA  specific  for 
murine  Ii.  (E4)  J774 

transfected  with  YGP  particles 
loaded  with  an  expression 
plasmid  psiRNA  2-11  encoding 
an  siRNA  specific  for  murine 
Ii. 


TABLE  2 


Percent  Positivity  of  Murine  HLA-DR  Invariant  Chain 
In  J774  Cells 


YGMP 

Construct 

Ii 

Antibody 

%  Ii 

Positive 

Control  1 

- 

- 

0 

Control  2 

- 

+ 

96 

Control  3 

+ 

+ 

75 

Experimental  1 

+ 

Ii  RGCx3 

+ 

51 

Experimental  2 

+ 

Ii  siRNA  2 

+ 

53 

Experimental  3 

+ 

Ii  psiRNA  1-2 

+ 

52 

Experimental  4 

+ 

Ii  psiRNA  2-11 

+ 

54 
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For  these  experiments,  bone  marrow  cells  were  extracted  from  the  femurs  of  BALB/c  mice. 

Cells  were  plated  at  4x1 06  cells  in  100  mm  dishes,  in  RPMI  1640-medium  supplemented  with 
penicillin  (100  U/ml),  streptomycin  (100  ug/ml),  L-glutamine  (2  mM),  2-BME  (50  ug/ml),  and 
10%  fetal  calf  serum.  The  bone  marrow  cells  were  treated  for  6  days  with  20  ng/ml  murine  GM- 
CSF.  For  the  remaining  4  days  of  incubation,  the  cells  were  given  fresh  medium  with  10  ng/ml 
murine  GM-CSF.  At  day  10,  the  immature  dendritic  were  washed  with  PBS,  trypsinized,  plated 
in  6  well  plates  5x1  (Y  per  2  ml  medium.  The  cells  were  fed  chemically  modified  yeast  cells, 
YGP  particles.  These  particles  bear  a  chemical  group  readily  recognized  by  a  receptor  uniquely 
on  DC,  and  leading  to  the  uptake  of  the  particle  into  the  DC,  with  expression  of  DNA 
encapsulated  in  the  particle.  The  YGP  particles  are  taken  up  by  DCs  in  a  receptor-mediated 
process  that  results  in  efficient  expression  of  plasmid  DNA  and  delivery  of  synthetic  siRNA. 
YGP  particles  are  loaded  with  Ii  RGCx3  plasmid  DNA  or  siRNA.  The  Ii  RGCx3  plasmid  was 
constructed  using  a  portion  of  the  Ii  coding  sequence  inserted  into  an  expression  plasmid  in  the 
reverse  orientation.  The  RNAi  plasmid  results  in  expression  of  a  biosynthetic  siRNA  which 
decreases  expression  of  Ii  protein,  by  a  RNAi  mechanism.  Cells  were  harvested  48  hr  after 
addition  of  the  YGP  particles.  The  cells  were  washed  with  PBS,  formalin-fixed,  quenched  with 
glycine,  and  permeabilized  with  saponin  in  preparation  for  staining  with  Ii  monoclonal 
antibodies. 

5.  Inhibition  of  murine  HLA-DR  invariant  chain  in  J774  promyelocytic  leukemia  cell  line. 
Inhibition  of  Ii  expression  was  also  seen  in  the  J774  murine  promyelocytic  leukemia  cell  line, 
which  is  considered  to  be  of  dendritic  cell/macrophage  lineage  (Figure  4).  This  cell  line 
constitutively  expresses  Ii  (Figure  4,  Cl)  and  is  transfectable  with  the  YGP  particles. 
Transfection  of  J774  with  empty  YGP  had  little  effect  on  the  expression  of  Ii  as  seen  in  Figure  3, 
C3  whereas  transfection  of  the  pIiRGCx3  plasmid  greatly  decreased  the  expression  of  Ii-positive 
cells  and  increased  the  number  of  Ii-negative  cells  as  seen  in  figure  2,  El.  J774  transfected  with 
YGP  particles  loaded  with  synthetic  siRNA  specific  for  murine  Ii  demonstrated  a  similar 
decrease  in  Ii  expression.  Figure  4,  E2.  siRNA  expression  plasmids  psiRNAl-2,  psiRNA  2-1 1 
were  constructed  that  express  siRNA  corresponding  to  synthetic  siRNA  specific  for  murine  Ii 
that  effectively  suppressed  Ii  expression  in  this  as  well  as  in  previous  experiments.  J774 
transfected  with  YGP  particles  loaded  with  plasmids  psiRNA  1-2,  psiRNA  2-1 1  demonstrated  a 
similar  decrease  in  Ii  expression  (Figure  4,  E3  and  E4).  J774  were  plated  at  5X1 05  per  6  well 
plates  in  RPMI-1640  medium  containing  penicillin  (100  U/ml),  streptomycin  (100  ug/ml),  L- 
glutamine  (2  mM),  and  10%  fetal  calf  serum.  YGMP  particles  were  added  to  the  J774  cells  and 
incubated  for  3+  hr  and  fed  spentmew  medium.  48  hours  later  the  cells  were  harvested  for  Ii 
monoclonal  antibody  staining. 

Task  2:  Optimize  therapeutic  protocols  including  the  doses  of  IL-2  and  IFN-y.  (Months  6 
through  24).  The  dose  of  radiation  will  also  be  optimized. 

a.  Dr.  Hillman  has  demonstrated  that  radiation  plus  MHC  Class  II+/Ii-  phenotype  cures  60%  of 
mice.  We  will  optimize  the  doses  of  IL-2  and  IFN-y  to  obtain  the  best  cure  rate  of  mice  with 
one  dose  of  radiation.  Dose  of  IL-2  will  be  optimized  first  and  IFN-y  secondly.  We  expect 
high  rates  of  cure  will  be  achieved  with  optimized  doses  of  IL-2  and  IFN-y  since  in  our 
previous  studies,  only  low  doses  of  IL-2  and  IFN-y  were  used.  We  used  only  one  dose  of 
radiation  (8  Gy  on  day  6)  in  our  previous  studies.  With  optimized  doses  of  IL-2  and  IFN-y, 
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we  will  optimize  the  frequency  of  radiation.  Radiation  will  be  done  on  day  6,  on  days  6  and 
11,  and  on  days  6,  1 1,  and  16.  We  believe  close  to  100%  cure  will  be  obtained  with 
optimized  doses  of  IL-2,  IFN-y,  and  optimized  frequency  of  radiation. 


We  have  previously  demonstrated  that  transfecting  genes  into  tumors,  to  up-regulate  MHC  class 
I  and  class  II  molecules  and  inhibit  invariant  chain  (Ii),  induces  a  potent  anti-tumor  immune 
response  when  preceded  by  tumor  irradiation,  in  murine  RM-9  prostate  carcinoma.  Here  we 
want  to  optimize  dose  of  pIL-2.  The  transfected  genes  are  cDNA  plasmids  for  interferon  gamma 
(pIFN-y),  MHC  class  II  transactivator  (pCIITA),  an  Ii  reverse  gene  construct  (pli-RGC),  and  a 
subtherapeutic  dose  of  adjuvant  IL-2  (pIL-2).  Responding  mice  rejected  challenge  with  parental 
tumor  and  demonstrated  tumor- specific  CTLs.  In  fulfillment  of  the  objective  of  Task  2,  we 
determined  the  relative  roles  of  each  one  of  the  four  plasmids  pIFN-y,  pCIITA,  pli-RGC,  and 
pIL-2  in  conjunction  with  radiation  for  the  induction  of  a  curative  immune  response.  Up- 
regulation  of  MHC  class  I  with  pIFN-y  or  class  II  with  pCIITA,  separately,  did  not  lead  to  a 
complete  response  even  if  supplemented  with  pIL-2  or  pli-RGC.  An  optimal  and  specific  anti¬ 
tumor  response  is  achieved  in  more  than  50%  of  the  mice  when,  following  tumor  irradiation, 
tumor  cells  are  converted  in  situ  to  a  MHC  class  HVclass  II+/Ii-  phenotype  with  pIFN-y,  pCIITA, 
pli-RGC  and  pIL-2.  We  demonstrate  further  that  both  CD4+  helper  T  cells  and  CD8+  cytotoxic 
T  cells  are  essential  for  induction  of  an  anti-tumor  response  because  in  vivo  depletion  of  either 
subset  abrogates  the  response.  We  conclude  that  the  radiation  contributes  to  the  gene  therapy  by 
causing  tumor  debulking  and  increasing  the  permeability  of  tumors  to  infiltration  of 
inflammatory  cells.  It  may  also  increase  the  efficiency  of  transfection. 


KEY  RESEARCH  ACCOMPLISHMENTS 

The  following  accomplishments,  in  order  of  importance  to  the  goals  of  this  project  were  the 
following. 

1 .  Discovery  of  the  principle  of  vastly  improved  potency  of  siRNAs.  Genetic  constructs 
expressing  these  highly  potent  smaller  siRNAs  enable  the  design  and  molecular  genetic 
construction  of  plasmid  or  genes  in  other  vectors,  constructs,  which  are  important  when  siRNA 
and  CIITA  must  be  given  together  in  one  construct.  In  the  current  experiments  we  can  use  gold 
beads  coated  with  fixed  ratios  of  genes  for  CIITA  and  siRNA  to  deliver  such  fixed  ratios  into 
each  cell  which  received  a  bead  (shot  by  the  gene  gun)  However,  in  applications,  more  adapted 
to  a  clinical  setting  with  certain  other  vectors,  e.g.,  adenovirus,  canarypox  virus,  lipids,  etc.  is  is 
imperative  to  put  both  gene  functions  within  one  plasmid,  usually  under  different  promoters  to 
avoid  promoter  competition.  The  potency  and  compactness  of  siRNA-coding  genes  is  a  very 
significant  advance. 

2.  Design,  synthesis  and  validation  of  human  siRNA 

3.  Design,  synthesis  and  validation  of  murine  siRNA.  Even  though  the  murine  reagents  are 
needed  first  in  the  Task  Schedule,  we  prioritize  the  human  reagent  in  this  list,  because  it  might 
actually  become  the  final  therapeutic  and  the  more  experience  we  have  with  it  early,  the  better. 

4.  Advances  by  our  collaborator,  Dr.  Gali  Hillman  in  understanding  the  interplay  of  radiation  and 
enhancement  of  the  activity  of  our  genetic  constructs  in  tumors,  in  terms  of  a)  enhancing  gene 
expression,  b)  enhancing  immunogenicity  by  radiation  effects  on  tumor  suppressing  T  cells. 
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5.  Developing  interest  of  major  players  (oncology  big  pharmaceutical  companies)  in  hearing 
about  our  efforts.. 


REPORTABLE  OUTCOMES 

1 .  Papers.  Two  papers,  which  we  submitted  in  2004  including  work  under  this  grant,  have  been 
accepted  (attached  in  the  appendix).  In  addition,  a  third  manuscript  is  being  prepared  by  our 
collaborator  Dr.  Gali  Hillman  reporting  the  use  of  using  our  regents  in  curing  RM-9  murine 
prostate  tumors  in  mice.  This  is  a  very  important  animal  model  of  human  prostate  cancer,  in  that 
the  tumor  cells  grow  in  the  prostate  of  normal  mice,  with  local  extension,  much  as  does  the 
human  disease.  This  manuscript  will  be  submitted  in  6+  weeks.  There  is  no  current  draft  for 
review.  Any  data? 

2.  Presentations  and  abstracts.  This  work  has  been  presented  at  3  conferences  (Abstracts 
attached  in  Appendix) 

3.  Development  of  siRNAs.  We  have  had  excellent  success  in  development  of  siRNAs  specific 
for  this  project.  The  field  of  siRNAs  in  general  is  moving  so  fast  today,  that  although  we  had 
conceptualized  abstractly  they  might  become  applied  here,  at  the  time  of  writing  the  original 
grant  proposal,  we  did  not  at  that  time  expect  to  use  them.  However,  we  tried  and  with  rapid  and 
lucky  advances,  we  have  discovered  they  are  reliable  and  give  a  stronger  degree  of  Ii  suppression 
than  we  had  before  with  our  best  reverse  gene  constructs,  particularly  in  human  cells.  We 
therefore  focused  sharply  to  obtain  the  best  murine  and  human  constructs,  and  have  validated 
them.  We  are  now  back  on  track,  according  to  the  original  Task  Schedule  of  combining  the 
genetic  constructs,  which  lead  to  biosynthetic  expression  of  a  siRNA  to  suppress  Ii  protein  along 
with  a  genetic  construct  for  CITTA  to  induce  MHC  class  II  molecules  and  the  Ii  protein  in  tumor 
cells. 

4.  Transfer  of  genes  to  adenoviral  vector  specialists.  The  RGCs  and  siRNA  for  mice  have  been 
transferred  to  Transgene,  SA  in  Strasbourg  France  under  a  no-money  MTA  for  them  to  evaluate 
after  reconstructing  into  their  adenoviral  vectors.  These  vectors  have  mutations  or  deletions  in 
two  or  three  genes  required  for  viral  replication,  and  therefore  after  being  used  as  a  vehicle  to 
transport  our  genetic  constructs  into  tumor  cells  for  transcription  and  translation  to  the  molecules 
which  mediate  the  biological  effects  of  our  methods.  [For  your  information,  a  “no  money”  MTA 
is  the  customary  method  for  initial  study  of  another  company’s  reagents.  We  consider  this  to  be 
a  very  promising  step  in  the  judgment  of  this  method  by  another,  sophisticate  group  of  scientists 
in  this  field.] 

5.  Discussions  with  Novartis-Oncology  and  with  Sanofi-Aventis  Oncology.  We  presented  our 
technology  to  Aventis  Infectious  Diseases  group  in  Lyon,  France,  for  the  development  of 
vaccines  against  the  H5N1  pandemic  flu  originating  in  South  East  Asia,  vaccinia  (smallpox),  and 
HIV.  They  referred  us  to  the  Aventis  Oncology  in  Toronto  Canada.  A  meeting  is  being 
scheduled  for  the  last  two  weeks  of  March.  About  two  years  ago,  we  presented  our  programs  to 
Novartis  Oncology  in  northern  New  Jersey.  After  a  recent  update,  we  have  been  referred  to 
Novartis  Oncology  in  Boston.  After  a  recent  phone  conference,  we  expect  to  present  there  in 
April.  Again,  while  there  is  no  “close”  on  a  collaboration  or  funds  to  develop  into  the  clinic,  the 
very  fact  that  we  are  having  such  conversations  indicates  support  for  the  value  of  this  program 
supported  under  a  novel  idea  grant  by  the  DOD. 
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Presentations 


1 .  “Generation  of  the  MHC  class  II+/Ii-  phenotype  on  tumor  cells  by  Ii-RGC  or  Ii-RNAi 
leads  to  a  potent  tumor  cell  immunotherapy.”  Xueqing  Lu,  Nikoletta  L.  Kallinteris, 
Shuzhen  Wu,  Robert  E.  Humphreys,  Eric  von  Hofe,  and  Minzhen  Xu.  American 
Association  for  Cancer  Research.  Anaheim,  CA,  April  1 6-20,  2005 

2.  “Forcing  tumor  cells  to  actively  present  MHC  class  II-restricted  endogenous  tumor 
antigens  by  inhibiting  MHC  class  II-associated  invariant  chain  expression  by  li-RGC  and 
Ii-RNAi.”  Xueqing  Lu,  Nikoletta  L.  Kallinteris,  Shuzhen  Wu,  Robert  E.  Humphreys, 
Eric  von  Hofe,  and  Minzhen  Xu.  Keystone  Symposium  “Basic  Aspects  of  Tumor 
Immunology.”.  Keystone  CO,  March  1 9,  2005 

3.  “Potent  Therapeutic  Cancer  Vaccine  Generated  by  Tumor  Irradiation  and  Genetic 
Induction  of  MHC  class  I+/class  II+/Ii-  Tumor  Phenotype.”  Gilda  Hillmanl,  Minzhen 
Xu2,  Mingxin  Chel,  Eric  Von  Hofe2,  Asad  Abbasl  and  Yu  Wangl.  Keystone  Tumor 
Immunology  (C3)  Mar  19  -  Mar  24,  2005. 


Papers 

1 .  Xu  M,  Lu  X,  Kallinteris  NL,  Wang  Y,  Wu  S,  von  Hofe  E,  Gulfo  J,  Humphreys  RE, 
Hillman  GG.  Immunotherapy  of  cancer  by  antisense  inhibition  of  Ii  protein,  an 
immunoregulator  of  antigen  selection  by  MHC  class  II  molecules.  Curr  Opin  Mol  Ther. 
2004;  6:160-5. 

2.  Wang  Y,  Xu  M,  Che  M,  von  Hofe  E,  Abbas  A,  Kallinteris  NL,  Lu  X,  Liss  ZJ,  Forman  JD, 
Hillman  GG.  Curative  Anti-Tumor  Immune  Response  Is  Optimal  with  Tumor  Irradiation 
Followed  by  Genetic  Induction  of  MHC  Class  I  and  Class  II  Molecules  and  Suppression 
of  Ii  protein.  Hum  Gene  Ther.  2004;  In  Press. 


CONCLUSIONS 

Importance  and  implications.  We  consider  the  discovery  of  the  principle  that  siRNAs  to 
suppress  Ii  protein  expression,  with  the  demonstration  of  the  design  and  validation  of  both 
murine  and  human  reagents  to  be  of  greatest  importance  to  the  achievement  of  our  major  long 
tenn  goal  -  curative  immunotherapy  of  prostate  cancer.  We  expect  this  route  to  therapy  to  far 
exceed  the  efficacy  of  other  DNA  vaccines,  or  dendritic  cell  vaccines  with  either  antigens,  tumor 
fusions,  or  tumor  extracts.  This  advance  would  not  have  been  accomplished  if  this  DOD  grant 
had  not  been  in  place  (or  equivalent  exploratory  funding  had  been  available).  This  advance  will 
not  only  speed  the  pursuit  of  the  remaining  Tasks  under  this  grant,  but  improve  the  chance  we 
will  actually  develop  clinically  useful  reagents.  That  is,  the  potency  of  siRNA  to  suppress  Ii 
protein  might  enable  the  immunotherapy,  relative  to  the  even  very  useful  reagents  we  had 
developed  prior  to  this  grant. 
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Changes  in  future  work  to  better  address  the  problem.  At  this  point  in  time,  we  do  not  iorsee 
significant  changes  in  the  work  plan,  either  in  objectives  or  time  course.  There  was  a  very  useful 
accomplishment  in  the  past  year,  to  develop  the  s.RNA  constructs  for  expenments  with  both 
murine  and  human  cells  and  in  mice.  Fortunately,  this  effort  was  successful  and  rapidly 
accomplished.  We  now  can  proceed  with  the  additional  expenments  with  better  tools.  In  the 
case  of  the  human  reagents  it  is  very  possible  that  one  of  the  human  siRNAs  for  Ii  suppression 
which  we  have  developed,  will  actually  be  the  reagent,  which  goes  all  the  way  into  clinical  trials. 

Evaluation  of  the  knowledge  as  a  scientific  or  medical  product.  The  expenments  of  the  past 
year  demonstrate  the  robust  nature  of  the  fundamental  mechanism  that  by  suppressing  li 
expression  in  a  tumor  cell,  which  has  been  converted  to  the  MHC  class  II  molecules-positive  and 
Ii  protein-positive  phenotype,  we  can  initiate  a  potent  immune  response  to  cure  animals  of 

established  tumor. 


REFERENCES 

-None- 
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APPENDIX 


Abstracts 

Forcing  tumor  cells  to  actively  present  MHC  class  II-restricted  endogenous  tumor  antigens 
by  inhibiting  MHC  class  II-associated  invariant  chain  expression  by  Ii-RGC  and  Ii-RNAi 

Xueqing  Lu,  Nikoletta  L.  Kallinteris,  Shuzhen  Wu,  Robert  E.  Humphreys,  Eric  von  Hofe,  and 
Minzhen  Xu 

Antigen  Express,  Inc.  100  Barber  Avenue,  Worcester,  MA  01606 

Immunological  cure  of  tumors  depends  on  initiating  both  CTL  and  T  helper  cell  responses  to 
endogenous  tumor  antigens.  In  contrast  to  other  tumor  immunotherapies,  wc  have  developed  a 
novel  approach  that  forces  tumor  cells  actively  present  endogenous  tumor  antigens  to  stimulate 
CD4+  T  helper  cells  by  converting  tumor  cells  into  MHC  class  II+/Ii-  phenotype.  Using 
antisense  methods  previously,  we  suppressed  expression  of  the  invariant  chain  (Ii  protein)  that 
normally  blocks  the  antigenic  peptide  binding  site  of  MHC  class  II  molecules  during  synthesis  in 
the  endoplasmic  reticulum  (ER).  hi  such  genetically  engineered  tumor  cells,  the  MHC  class  II 
molecules  pick  up  endogenous  antigenic  peptides  (including  tumor  antigens),  which  have  been 
transported  into  the  ER  for  binding  to  MHC  class  I  molecules.  The  simultaneous  presentation  of 
these  tumor  antigens  by  both  MHC  class  I  and  II  molecules  generates  a  robust  and  long-lasting 
anti-tumor  immune  response.  Injecting  murine  tumors  with  genes  to  induce  MHC  class  II  and 
suppress  Ii  protein  expression,  results  in  the  cure  of  a  significant  number  of  animals  with  renal 
and  prostate  tumors.  An  advantage  of  this  strategy  is  that  we  do  not  need  to  transfect  all  tumor 
cells  permanently.  Transfecting  only  a  fraction  of  the  total  tumor  cells  transiently  is  sufficient  to 
induce  a  complete  anti-tumor  immune  response.  We  have  now  developed  human  Ii-RNAi 
constructs  that  efficiently  inhibit  Ii  expression  in  human  tumor  cell  lines  including  Raji 
lymphoma  cells  and  293  kidney  cells.  Since  Ii  is  monomorphic,  one  Ii-RNAi  construct  is  suitable 
for  all  patients  with  different  HLA-DR  alleles.  The  generation  of  active  human  Ii-RNA  paves  the 
way  to  generate  MHC  class  II+/Ii-  human  tumor  cells  for  clinical  trial. 


Potent  Therapeutic  Cancer  Vaccine  Generated  by  Tumor  Irradiation  and  Genetic 
Induction  of  MHC  class  I+/class  II+/Ii-  Tumor  Phenotype. 

Gilda  Hillman1,  Minzhen  Xu2,  Mingxin  Che1,  Eric  Von  Hofe2,  Asad  Abbas1  and  Yu  Wang1. 

‘Department  of  Radiation  Oncology  and  Pathology,  Karmanos  Cancer  Institute,  WSU,  Detroit, 
Ml  48201, 2Antigen  Express,  Inc,  Generex  Biotechnology  Corp,  Worcester,  MA  01606. 

We  showed  that  in  situ  genetic  modification  of  murine  RM-9  prostate  tumor  cells,  to  express 
MHC  class  I  and  class  II  molecules  and  suppress  MHC  class  II  associated  invariant  chain  Ii, 
converts  those  cells  into  a  cancer  vaccine.  Gene  therapy  was  delivered  intratumorally  using 
plasmids  coding  for  IFN-y,  CIITA,  an  Ii  reverse  gene  construct  (Ii-RGC),  and  a  low  IL-2  plasmid 
dose.  Complete  tumor  regressions,  and  induction  of  specific  anti-tumor  immune  response,  were 
obtained  only  when  gene  therapy  was  preceded,  one  day  before,  by  8Gy  tumor  irradiation.  By 
selective  in  vivo  depletion  of  T  cell  subsets,  we  demonstrate  further  that  both  CD4+  helper  T 
cells  and  CD8+  cytotoxic  T  cells  are  essential  for  induction  of  a  potent  anti-tumor  response.  In 
vitro  colony  assays  of  cells  isolated  from  tumors,  1  day  after  radiation,  show  60%  inhibition  in 
division  ability,  thus  radiation  causes  tumor  debulking  and  increases  the  probability  of  cell 
transfection.  Histology  of  tumors  treated  with  radiation  and  gene  therapy  shows  complete  tumor 
destruction  and  that  radiation  increases  the  penneability  of  tumors  to  infiltration  of  inflammatory 
cells.  Radiation  enhances  gene  therapy  by  causing  tumor  debulking  and  increasing  tumor 
permeability. 


Generation  of  the  MHC  class  II+/Ii-  phenotype  on  tumor  cells  by  Ii-RGC  or  li-RNAi  leads 
to  a  potent  tumor  cell  immunotherapy. 

Xueqing  Lu,  Nikoletta  L.  Kallinteris,  Shuzhen  Wu,  Robert  E.  Humphreys,  Eric  von  Hofe,  and 
Minzhen  Xu 

RNAi  is  a  potent  method  to  inhibit  specific  gene  expression.  This  method  has  been  evaluated  as 
a  potential  method  to  treat  cancer  by,  for  example,  specifically  inhibiting  oncogene  expression. 
The  biggest  challenge  here  is  the  requirement  fo  in  vivo  transfection  of  all  tumor  cells 
permanently  by  RNAi  constructs.  We  have  developed  Ii-RGC  and  Ii-RNAi  methods  to 
effectively  suppress  in  tumor  cells  the  expression  of  invariant  chain  (Ii  protein)  that  normally 
blocks  the  antigenic  peptide  binding  site  of  MHC  class  II  molecules  during  synthesis  in  the 
endoplasmic  reticulum  (ER).  In  such  genetically  engineered  tumor  cells,  both  MHC  class  I  and 
II  molecules  pick  up  endogenous  antigenic  (tumor)  peptides  in  the  ER.  Simultaneous 
presentation  of  these  tumor  antigens  by  both  MHC  class  I  and  II  to  both  CD4+  and  CD8+  T 
cells,  generating  a  robust  and  long-lasting  anti-tumor  immune  response  in  mice.  An  advantage  of 
this  strategy  is  that  we  do  not  need  to  transfect  all  tumor  cells  permanently.  Transfecting  only  a 
fraction  of  the  total  tumor  cells  transiently  is  sufficient  to  induce  an  anti-tumor  immune  response. 
We  have  now  generated  a  human  Ii-RNAi  construct  that  effectively  inhibit  Ii  expression  in  Raji 
lymphoma  cells  and  293  kidney  cells.  Since  Ii  is  monomorphic,  one  Ii-RNAi  construct  is 
sufficient  for  all  patients.  Our  novel  method  forces  tumor  cells  actively  present  their  tumor 
antigens  and  thus  could  lead  to  a  very  potent  tumor  cell  immunotherapy. 


Papers 


1 .  Xu  M,  Lu  X,  Kallinteris  NL,  Wang  Y,  Wu  S,  von  Hofe  E,  Gulfo  J,  Humphreys  RE,  Hillman 
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li  protein  suppression  is  a  promising  antisense  drag-based  therapy 
that  dramatically  enhances  the  immunogenkity  of  tumor  cell 
major  histocompatibility  complex  class  Il-presented  antigenic 
epitopes.  The  strength  of  this  approach  is  that  the  antisense  only 
needs  to  be  transiently  effective  in  a  fraction  of  the  tumor  cells.  The 
systemic  antitumor  immune  response  generated  subsequently 
eradicates  both  directly  treated  cells  and  distant  tumor  deposits. 
The  drugs  and  mechanisms  of  this  therapy  are  considered,  in 
addition  to  practical  developmental  questions. 

Keywords  Cancer  vaccine,  li  antisense,  immunotherapy, 
major  histocompatibility  complex  class  II,  T-helper  cells 

Introduction 

Thwarting  a  tumor's  escape  from  immune 
surveillance 

Tumors  escape  the  host  immune  surveillance,  which  normally 
prevents  evolution  of  a  malignancy  by  blocking  presentation 
of  immunogenic  tumor-assodated  antigenic  epitopes. 
Additionally,  tumors  suppress  the  antitumor  immune  response 
by  developing  active  immunosuppressive  mechanisms  against 
dominant  T-cell-recognized  antigenic  epitopes  of  the  tumor. 

Protein  li  can  be  inhibited  in  two  ways  against  these  tumor 
growth-favoring  mechanisms.  Presentation  of  tumor-assodated 
antigenic  epitopes  is  enhanced  by  rearranging  the  antigen- 
processing  pathway  to  allow  major  histocompatibility  complex 
(MHO  class  II  presentation  of  tumor  self-proteins  to  T-helper 
(Th)  cells.  This  method  also  favors  presentation  of  cryptic  and 
subdominant  epitopes  to  which  immunosuppression  had  never 
developed  previously.  The  approach  can  even  cure  mice  of  an 
aggressive  prostate  tumor  that  is  poorly  immunogenic  The 
biological  mechanism  of  this  therapy  and  the  steps  taken  to 
bring  it  to  the  clinic  are  reviewed. 

Overview  of  mechanism  and  therapeutic  potential 

Normally,  antigenic  epitopes  of  cellular  self-proteins  are 
transported  from  the  cytoplasm  into  the  endoplasmic 


reticulum  for  binding  to  newly  synthesized  MHC  class  I 
molecules,  but  not  to  MHC  class  II  molecules,  which  are 
blocked  by  the  li  protein.  The  li  protein  is  effectively 
suppressed  with  antisense  oligonudeotides  or  reverse  gene 
constructs.  This  process  can  be  'rearranged'  in  the 
endoplasmic  reticulum  of  such  Ii-suppressed  tumor  ceLls,  to 
permit  MHC  class  II  molecules  to  bind  tumor-assodated 
antigenic  epitopes  for  subsequent  presentation  to  self- 
surveying  T-cells.  New  epitopes  presented  by  MHC  class  II 
molecules  stimulate  Th  cells  to  enhance  the  activity  of 
tumor-specific  cytotoxic  T-lymphocytes  (CTLs)  and  create 
long-lasting  antitumor  immunological  memory.  The 
repertoire  of  MHC  class  II  epitopes  is  also  expanded  to 
include  'cryptic  epitopes',  to  which  a  cancer  patient’s 
immune  system  has  never  been  exposed.  The  presentation  of 
such  epitopes  by  MHC  class  II  molecules  can  reverse 
immunological  tolerance  to  the  tumor  and  cure  an 
established  tumor,  at  least  in  mice.  While  this  antisense  drug 
is  directly  therapeutic  when  injected  into  tumors  that  are 
either  naturally  MHC  class  II-positive  or  made  such  by  co¬ 
transfection  of  genes  for  MHC  class  II  transactivator  (CI1TA) 
or  interferon  (IFN>y,  it  also  enables  many  additional 
therapies,  li  suppression  can  enhance  various  DNA  vacrines 
for  tumor  or  infectious  disease  antigens.  In  addition,  novel 
peptide  therapeutics  can  be  mined  from  the  repertoire  of 
induced  MHC  class  II  epitopes  found  in  MHC  class  II+/H- 
cultured  cells  of  tumors  or  antigen-presenting  cells  (APCs) 
loaded  with  antigens  relevant  to  autoimmune  disease.  In 
short,  antisense-induced  li  suppression  enables  a  wide  range 
of  antigenic  epitope  diagnostics  and  therapeutics. 

Evidence  for  mechanisms 

Antigen  processing  and  presentation  pathways 

potentially  blocked  during  tumorigenesis 

All  nucleated  cells  express  MHC  class  I  molecules.  At  the 
time  of  their  synthesis,  these  molecules  bind  antigenic 
peptides  derived  from  cytoplasmic  proteins,  which  are 
processed  into  peptides  by  proteosomes  and  transported  by 
the  transporter  of  antigenic  peptides  (TAP)  into  the 
endoplasmic  reticulum  11,2].  p,-Microgiobulin  binds  to  MHC 
class  1  molecules,  locking  them  into  a  conformation  that 
tightly  holds  the  antigenic  peptide  for  the  duration  of  its 
presentation  at  the  cell  surface  [3]. 

MHC  class  II  molecules  are  normally  expressed  on 
professional  APCs,  such  as  dendritic  cells  (DCs), 
macrophages  and  B-cells,  to  induce  a  CD4+  Th  cell  response. 
Such  Th  cells  induce  DCs  to  a  stage  of  activation  defined  as 
'licensing',  which  stimulates  and  activates  specific  CTLs 
[4»,5*,6]. 

Normally,  MHC  class  II  molecules  are  blocked  by  the  li 
protein  at  the  time  of  their  synthesis,  and  receive  exogenous 
antigen  selected  by  the  APCs  in  a  post-Golgi  compartment. 
There,  certain  proteases  that  cleave  the  foreign  antigen  also 
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deave  and  release  Ii  fragments  from  the  MHC  dass  II 
molecules  in  a  concerted  exchange  process,  during  which 
antigenic  peptide  is  inserted  into  the  binding  site  of  dass  II 
molecules  17,8].  This  pathway  prevents  expression  of 
endogenous  peptides  by  MHC  class  II  molecules  in  tumor  cells. 
Interestingly,  an  increase  in  li  in  hairy  leukemic  cells  and  the 
inverse  correlation  of  Ii  expression  and  tumor-infiltrating 
lymphocytes  in  human  colon  cardnomas  suggest  an 
immunosuppressive  role  for  li  in  such  maiignandes  [9,10]. 
MHC  dass  II  molecules  appear  to  influence  the  antitumor 
response  [11-13,14«].  The  absence  of,  or  defects  in  these  antigen 
processing  and  presentation  pathways  have  been  individually 
reported  to  promote  non-recognition  of  tumors. 

Tumor  defense  by  immunosuppression 

Dominant  epitopes  within  a  population  of  tumor-associated 
antigenic  epitopes  often  induce  suppression,  which  shuts  off 
all  antitumor  immune  responses.  This  immunosuppression 
is  sometimes  associated  with  the  T-cell  subset  Th3 
CD4+/CD25+  immunoregulatory  cells  [15«»,16,17»«,18], 
which  secrete  interleukin  (IL)-10  and  transforming  growth 
factor  (TGF)[5.  This  is  in  contrast  to  the  IFN'+secreting  Thl 
ceils,  a  Th  subset  that  promotes  CTL  responses  ]19», 20-22]. 

One  can  hypothesize  that  by  downregulating  expression  of 
the  Ii  protein,  a  much  larger  repertoire  of  MHC  class  II- 
restricted  epitopes  is  presented,  including  cryptic  epitopes, 
which  have  never  been  seen  before  by  the  immune  system. 
The  immune  system  also  recognizes  newly  exposed,  lower- 
affinity  Th  cell-recognized  epitopes,  to  which  tolerance  has 
never  been  developed.  The  response  to  both  types  of  such 
non-immunosuppressed  epitopes  leads  to  a  robust  Tnl 


response,  stimulating  tumor-specific  CTLs  and  providing 
long-term  immunological  memory. 

Pioneering  experiments 

Suzanne  Ostrand-Rosenberg  and  colleagues  discovered  the 
principle  that  MHC  class  II+/K-  tumor  cells,  made  MHC 
class  Il-positive  by  transfection  of  genes  for  syngeneic  MHC 
dass  II  a  and  (5  chains,  and  not  expressing  Ii  protein,  are 
potent  anticancer  vaccines  [23-25].  These  researchers 
characterized  the  immunological  mechanisms  in  detail 
(Figure  1).  Mice  vaccinated  with  MHC  class  II  gene- 
transfected  Sal  1  sarcoma  cells  rejected  subsequent 
challenges  with  the  parental  MHC  class  I+/MHC  dass  II- 
Sal  I  cells  [23].  However,  supratransfecting  the  engineered 
MHC  dass  11+  tumor  cells  with  the  li  gene  abrogated  the 
vaccine  potential  of  the  modified  cells.  The  destruction  of 
tumor  cell  imrramogenidty  following  re-introduction  of  the 
li  gene  presumably  resulted  from  its  ability  to  block  the 
binding  of  endogenous  tumor-associated  peptides  in  the 
endoplasmic  reticulum  and  consequent  development  of  a  Th 
cell  response  to  epitopes  from  those  peptides.  Both  CD4+  Th 
cells  and  CDS+  CTLs  were  found  to  be  essential,  as  deletion 
of  either  T-cell  subpopulation  in  adoptive  transfer  of 
immunity'  experiments  abrogated  the  protective  effect  [25]. 
This  study  is  consistent  with  the  established  principle  that 
the  activation  of  CD4+  Th  cells  by  MHC  class  II+/Ii-  tumor 
cells  is  required  for  optimal  activation  and  expansion  of 
CD8+  CTLs.  Finally,  the  importance  of  Th  cells  activated  by 
MHC  dass  II+/Ii-  tumor  cells  in  prolonging  immunological 
memory  was  demonstrated  by  the  protection  of  mice  against 
tumor  challenge  for  extended  periods  of  time  after 
vaccination  [25]. 


Figure  1.  Tumor  malignancy  and  li  expression. 


When  tumor  cells  are  MHC  class  11+  and  li+,  the  tumor  is  highly  malignant,  as  li  blocks  presentation  of  tumor  antigen  through  MHC  class  II. 
The  same  situation  applies  to  tumor  cells  that  are  MHC  dass  li-  and  li-.  Only  when  they  are  MHC  class  11+  and  li-  do  tumor  cells  present  the 
tumor  antigen  by  MHC  class  II  to  activate  CD4+  T-cells,  which  in  turn  activate  CD8+  CTLs. 
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Endogenous  proteins  from  different  intracellular 
compartments  of  a  tumor  cell  can  be  presented  by  MHC 
class  n+/li-  tumor  cells  [26,27].  This  is  demonstrated  by  the 
finding  that  cells  engineered  to  express  the  gene  for  hen  egg 
lysozyme  (HEL)  with  a  leader  sequence  targeting  the 
endoplasmic  reticulum,  presented  MHC  class  il  HEL 
epitopes  to  HEL-spedfic  CD4+  T-cells.  Similar  to  the  studies 
described  above,  co-expression  of  the  li  protein  in  these  cells 
inhibited  presentation  of  the  HEL  epitopes  [27]. 

Antisense  suppression  of  li  in  tumors  induced  for 
MHC  class  II  and  li  expression 

Given  the  numerous  different  MHC  class  II  alleles  in 
humans,  even  only  at  the  human  leukocyte  antigen  (HLA)- 
DR  locus,  generating  the  MHC  class  II+/Ii-  phenotype  by 
transfecting  a  patient's  tumor  with  genes  matching  MHC 
class  II  a  and  [5  chain  types  is  not  a  practical  clinical 
approach.  We  developed  an  alternative  approach  using  a 
non-polymorphic  gene  construct  active  in  all  humans. 
Expression  of  endogenous  MHC  class  II  molecules  can  be 
induced  using  CUTA  or  IFNy  genes,  while  the  co-induced  li 
protein  is  suppressed  with  a  reverse  gene  construct  (Ji-RGC) 
targeting  li  mRNA.  Ji-RGC  acts  at  the  mRNA  level  to 
prevent  translation  of  the  li  protein.  Initially,  li  antisense 
oligonucleotides  were  used  to  suppress  li  expression  in 
MHC  class  II+/Ii+  tumor  cells  128].  In  these  studies,  using 
the  Sal  1  sarcoma  model,  MHC  class  11+  cells  treated  with  li 
antisense  oligonucleotides  demonstrated  good  vaccine 
potency  against  challenge  by  parental  tumor. 

Subsequently,  we  created  expressible  li  antisense  constructs 
(Ji-RGC)  for  inclusion  into  DNA  vacdne  vectors.  These 
constructs  were  cloned  into  expressible  plasmids  and/or 
engineered  into  adenoviruses  to  evaluate  different  methods  of 
tumor  gene  transfection  [2930].  The  Ji-RGCs  were  evaluated  by 
stable  or  transient  DMA  transfections  using  several  murine 
tumor  cell  lines;  the  most  active,  Ji-RGC(-92,97)  (A  in  the  AUG 
start  codon  is  position  1),  was  selected  for  in  vivo  studies. 

While  some  tumor  cell  lines  were  MHC  class  II+/Ii+,  many 
of  the  lines  we  tested  were  MHC  class  II-/11-.  In  these  cell 
lines,  the  CllTA  or  IFNy  gene,  or  both,  were  co-transfected  in 
vitro  with  J/-RGC(-92,97)  to  create  the  MHC  class  II+/Ii- 
phenotype,  as  detected  by  immunostaining  [29-31].  In  vivo 
induction  of  this  phenotype  in  established  tumors  was  also 
generated  by  intratumoral  injection  of  Ji-RGC  and  CIITA 
plasmids  delivered  in  liposomes  [29,31],  or  using 
recombinant  adenoviral  vectors  containing  Ji-RGC(-92,97), 
CUTA  and  IFNy  [30].  While  the  CUTA  gene  used  in  the  mice 
studies  is  human,  its  gene  product  fortuitously  functions 
well  on  the  murine  promoters  for  MHC  class  II  and  li  genes 
[30]. 

li  suppression  therapy  of  animal  tumors 

We  tested  our  therapeutic  strategy  for  both  tumor 
prevention  (vaccination  to  protect  against  tumor  challenge) 
and  tumor  cure  (therapy  of  established  tumors).  In  a 
prevention  model  using  Sal  1,  tumor  cells  treated  with 
antisense  oligonucleotide-suppressed  li  protein  were  much 
more  potent  than  Sal  1  cells  treated  with  sense  and 
mismatch  antisense  oligonucleotides  [28].  In  cure  models, 
the  in  vivo  activities  of  these  therapeutic  constructs  were 
tested  by  intratumoral  injection  of  plasmids  or  adenoviral 


vectors  in  established  subcutaneous  tumors  of  both  the 
Kenca  renal  adenocarcinoma  and  RM-9  prostate  carcinoma 
murine  models  [29,31]. 

In  tumor  cure  models,  complete  regression  of  established 
tumors  was  achieved.  Renca  tumor  regression  was  observed 
in  approximately  50%  of  mice  following  four  intratumoral 
injections  of  CUTA  and  Ji-RGC  piasmid  constructs  over  4 
days  administered  with  a  subtherapeutic  dose  of  Jl-2 
plasmid  [29].  In  these  tumor  nodules,  in  situ  induction  of  the 
MHC  class  li+/Ii-  phenotype  was  confirmed  by 
immunohistochemical  staining  of  tumor  sections  [29|.  The 
injection  of  established  Renca  tumors  with  recombinant 
adenovirus,  containing  CUTA,  iFNyzv.d  Ji-RGC,  combined 
with  a  low  suboptimal  dose  of  TL-2  adenovector,  induced 
complete  tumor  regression  in  approximately  60  to  70%  of 
mice  and  complete  protection  against  Renca  tumor  re¬ 
challenge  [30].  These  studies  using  the  weakly  immunogenic 
Renca  MHC  class  I+/class  II-  model  confirm  that  induction 
of  the  MHC  class  If+/Ii-  phenotype  triggers  an  antitumor 
immune  response  with  long-lasting  systemic  immunity. 

In  the  aggressive,  poorly  immunogenic  MHC  class  I-/class 
II-  RM-9  prostate  tumor  model,  in  situ  induction  of  the  MHC 
class  1+/ class  II+/Ii-  phenotype  by  intratumoral  injection  of 
the  plasmids  pCIITA,  pIFNymd  p/f-RGC  caused  a  significant 
but  transient  inhibition  of  tumor  growth,  even  when 
suboptimal  doses  of  pIL-2  were  added  to  the  tumor  nodule 
treatment  (Table  1)  [31].  Complete  responders  were 
observed  only  when  tumor  nodules  were  first  irradiated 
prior  to  gene  therapy  [31].  In  a  subsequent  experiment, 
established  RM-9  subcutaneous  tumors  were  selectively 
irradiated  and  treated  1  day  later  with  intratumoral  plasmid 
gene  therapy  using  a  mixture  of  the  plasmids  pCIITA,  plF.N'y 
and  pli-RCC  combined  with  a  subtherapeutic  dose  of  p/L-2 
for  4  consecutive  days.  Table  1  demonstrates  that 
intratumoral  treatment  with  all  four  plasmids  induced 
complete  tumor  regression  in  more  than  50%  of  the  mice 
only  when  tumor  irradiation  was  administered  1  day  prior 
to  gene  therapy.  Mice  rendered  tumor  free  by  radiation  and 
intratumoral  gene  therapy  and  re-chalienged  on  day  64  were 
protected  against  RM-9  challenge  but  not  against  syngeneic 
EL-4  tumor  challenge  (Table  1)  131].  These  findings 
demonstrate  that  in  the  RM-9  model,  radiation  enhanced  the 
therapeutic  efficacy  of  intratumoral  gene  therapy  for  in  situ 
induction  of  tumor-specific  immunogenicity. 

IL-2  at  subtherapeutic  doses  is  probably  acting  as  an 
adjuvant  to  strengthen  and  sustain  the  activation  of  T-celis. 
Our  recent  studies  demonstrate  that  both  CD4+  Th  cells  and 
CD8+  CTLs  are  essential  for  the  induction  of  a  complete 
antitumor  response  in  the  RM-9  model,  specifically,  the  in 
vivo  depletion  of  either  T-cell  subset  abrogates  this  response 
[GG  Hillman  et  d,  unpublished  data].  These  studies  are 
consistent  with  induction  of  both  a  Th  response  and  a  CTL 
response  by  our  gene  therapy  approach,  resulting  in  long- 
lasting  tumor  immunity.  Furthermore,  in  both  the  Renca  and 
RM-9  model,  omission  of  the  Ji-RGC  vector  in  the 
intratumoral  gene  therapy  protocol  led  to  a  significantly 
lower  incidence  of  complete  tumor  regressions,  emphasizing 
the  essential  role  of  li  suppression  in  the  induction  of  a 
complete  and  systemic  antitumor  immune  response  [30,31]. 
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Table  1.  Antitumor  response  of  RM-9  tumor-bearing  mice  treated  with  radiation  and  plasmid  gene  therapy,  and  response  of  cured 
animals  to  re-challenge. 


Treatment  group 

Proportion  of  tumor-free  mice 

Post-treatment 

Post-challenqe 

RM-S 

EL-4 

Control 

- 

oCIITA  +  pIFNy-  p!L-2  *  P//-RGC 

0/7 

Radiation 

0/11 

- 

- 

7/13 

7/7 

- 

Radiation  +  pCIITA  +  plFNy+  dIL-2  +  p//-RGC 

3/6 

- 

0/3 

Naive  mice 

N/A 

0/5 

0/5 

Established  RM-9  tumors  of  0.3  to  0.4  cm  were  irradiated  with  8  Gy  photons  on  day  6  after  cell  injection.  From  day  7,  tumors  were  injected 
with  the  plasmids  pCIITA  +  plFNy+  plL-2  +  pH- RGC  for  4  consecutive  days.  The  proportion  of  tumor-free  mice  is  presented  at  the  end  of  the 
observation  period,  on  day  64,  following  radiation  and  plasmid  therapy.  Tumor-free  mice  and  naive  mice  were  re-chailenged  with  RM-9  cells 
or  genetically  identical  EL-4  cells  on  day  64,  the  proportion  ot  tumor-free  mice  by  day  30  after  challenge  is  reported  £31].  N/A  not  applicable, 
i Reproduced  with  permission  from  Mery  Ann  Liebert  and  Hillman  GG,  Xu  M.  Wang  Y,  Wright  JL.  Lu  X,  Kallinteris  NL.  Tekyi-Mensah  S, 
Thompson  TC,  Mitchell  MS,  Forman  JD:  Radiation  improves  intratumoral  gene  therapy  for  induction  of  cancer  vaccine  in  murine 
prostate  carcinoma.  Human  Gene  Therapy  (2003)  1 4(8) :7 63-775.  ©  2003  Mary  Ann  liebert). 


Role  of  radiation 

The  role  of  radiation  in  enhancing  intratumoral  gene 
therapy  for  the  induction  of  cancer  immunity  is  particularly 
intriguing.  Possible  mechanisms  for  radiation  enhancement 
of  gene  therapy  include  the  following:  (I)  the  DNA 
damaging  and  debulking  effect  slows  tumor  growth  to 
allow  time  for  the  immune  response  to  be  effective  [31,32]; 
(ii)  radiation-induced  tissue  damage  mobilizes  inflammatory 
cells  in  the  tumor  vicinity  that  can  be  readily  activated  by  in 
situ  gene  therapy  [32];  (iii)  radiation  is  hypothesized  to  limit 
suppressive  immunoregulatory  T-cells;  and  (iv)  radiation 
increases  gene  transduction  efficiency  and  duration  of 
expression  of  surviving  tumor  cells,  thus  improving  the 
efficiency  of  in  situ  genetic  modification,  leading  to  an 
immune  response  that  eradicated  remaining  tumor  cells. 
Stevens  and  colleagues  demonstrated  that  radiation 
improves  the  transfection  efficiency  of  plasmid  DNA  in 
normal  and  malignant  cells  in  vitro  resulting  from  radiation- 
induced  DNA  breaks  and  DNA  repair  mechanisms  [33,34]. 
They  demonstrated  that  radiation  followed  by  plasmid  or 
adenoviral  transfection  caused  enhanced  integration  of  the 
transgene.  Preliminary  studies  in  the  Renca  model  using 
intratumoral  injections  of  the  JL-2  adenovedor 
demonstrated  that  radiation  potentiates  the  genetic 
modification  of  the  tumor  cells  by  increasing  both  the  level 
and  duration  of  expression  of  transfected  genes  [GG 
Hillman,  unpublished  data]. 

Unique  features  of  li  antisense  therapy 

Making  antisense  therapy  effective  clinically  for  other  cancer 
molecular  targets  has  two  daunting  obstacles.  One  is  the 
requirement  for  delivering  antisense  reagents  to  all  tumor  cells, 
and  the  other  is  the  requirement  for  suppressing  the  target  gene 
continuously  [35»,36j.  Comparatively,  li  suppression  for  tumor 
immunotherapy  has  three  advantages.  Firstly,  it  stimulates 
tumor  antigen-spedfic  CD4+  Th  cell  activation  without 
interrupting  MHC  class  I  presentation  for  CD8+  CTL  activation. 
Simultaneous  activation  of  both  CD4+  and  CDS+  T-cells  creates 
a  more  robust  tumor  cell  immunotherapy.  Secondly,  inhibition 
of  li  protein  expression  does  not  need  to  occur  in  all  tumor  cells, 
unlike  antisense  targeting  other  tumor  genes.  Thirdly,  the  li 
inhibition  does  not  need  to  be  continuous,  as  a  transient 
inhibition  of  li  protein  (3  to  5  days)  in  a  portion  of  tumor  cells  is 


sufficient  to  generate  a  strong  antitumor  immune  response 
[3031]-  After  a  specific  antitumor  immune  response  lias  been 
generated,  the  immune  system  will  eradicate  the  residual 
tumor  cells  until  all  tumor  cells  sharing  the  same  tumor 
antigens  have  been  killed. 

Future  directions 

Issues  to  address  in  the  design  of  clinical  trials 

The  biological  mechanism  of  this  therapy  leads  to  special 
considerations  for  the  design  and  evaluation  of  clinical  trials. 
For  initial  trials,  patients  with  metastatic  disease  poorly 
responsive  to  other  means  of  therapy  will  be  targeted. 
Although  chemotherapy  in  such  patients  suppresses  the 
anticancer  immune  response,  once  leukocyte  counts  have 
rebounded,  this  mode  of  immunotherapy  eliciting  an  immune 
response  within  injected  tumor  masses,  is  possible.  Readily 
accessible,  ie,  subcutaneous  axillary'  masses  in  breast  carcinoma 
might  be  preferred  because  they  can  be  approached  with  ease. 
However,  many  radiologists  feel  that  any  tumor  they  tan 
visualize  is  a  candidate  for  intratumor  injections,  for  example, 
colon  adenocarcinoma.  While  melanoma  has  been  a  classic 
target  for  tumor  immunotherapy  procedures,  the  frequency  of 
accessible  masses,  frequency  of  patients  with  metastatic  disease, 
and  a  variable  and  sometimes  long  clinical  course,  indicates 
against  melanoma  for  initial  trials. 

Injection  of  a  tumor  with  li-RGC  is  expected  to  lead  to 
presentation  of  normal  tissue  antigens,  as  well  as  tumor 
determinates.  While  we  have  not  observed  histological  signs  of 
autoimmunity  in  mice  with  cancers  treated  by  this  method, 
such  reactions  against  self-tissues  probably  occur.  Those 
reactions  on  balance  might  promote  tumor  cure.  Vitiligo  is 
observed  in  some  melanoma  patients  vaccinated  against 
melanoma-assodated  tumor  antigens.  Signs  of  autoimmunity 
to  normal  tissue  antigens  of  the  tumor  will  be  monitored  in 
trials  of  this  immunotherapy. 

Additional  therapeutic  uses  for  li  suppression 

This  technology  can  also  be  used  to  identify  novel  MHC 
class  II  epitopes  in  tumor  and  autoimmune  disease-related 
antigens.  Specifically,  tumor-  and  autoimmune  disease- 
related  antigenic  epitopes  can  be  identified  by  high 
performance  liquid  chromatography  (HPLC)  tandem  mass 
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spectrometry  of  acid-eluted  peptides  from  immune  purified 
MHC  class  11  molecules.  The  eluted-peptide  HPLC  patterns 
can  then  be  compared  with  those  of  MHC  class  II+/li+  cells 
to  identify  the  putative  li  suppression  of  specific  peaks  [37»[. 
The  molecular  weight  of  a  peptide  in  such  a  peak  can  be 
precisely  determined  by  tandem  mass  spectrometry  and  a 
sequence  assigned  from  the  weight. 

li  suppression  can  also  enhance  the  efficiencies  of  DNA 
vaccines  and  of  gene-transfected  DC  vaccines.  Hie  biological 
effect  of  li  suppression  might  enhance  the  immune  response  to 
a  co-delivered  DNA  vaccine  containing  a  gene  for  a  malignant 
or  infectious  antigen  [38-40].  When  a  cell  (eg,  a  professional 
APC)  is  transfected  with  a  gene  encoding  an  antigen  and  an  li 
suppression  construct,  this  ceil  expresses  the  antigen 
endogenously,  while  li  is  suppressed  to  produce  the  MHC  class 
II+/Ii-  phenotype.  Consequently,  the  transfected  cell  can  now 
present  antigenic  epitopes  through  MHC  class  II  and  I  to 
activate  both  CD4+  Th  cells  and  CD8+  CTLs,  respectively.  The 
result  is  a  stronger  DC  or  DNA  vacdne. 

Conclusion 

We  have  developed  a  novel  antisense  approach  to  convert 
tumor  cells  into  MHC  class  11+  and  li-  APCs.  Suppression  of 
li  gene  expression  in  the  endoplasmic  reticulum  leads  to  the 
simultaneous  presentation  of  endogenous  tumor  antigens  by 
both  MHC  class  I  and  II  molecules  and  generates  a  robust 
and  long-lasting  antitumor  immune  response.  Injecting 
murine  tumors  with  genes  that  induce  the  MHC  class  II+/Ii- 
phenotype  in  tumor  cells  causes  complete  tumor  regression 
(ie,  cure)  in  a  significant  number  of  animals  with  renal  and 
prostate  tumors. 

Compared  with  other  antisense  applications,  our  li  antisense 
method  has  two  major  advantages;  li  only  needs  to  be 
suppressed  temporarily  and  it  does  not  need  to  be 
suppressed  in  all  tumor  cells.  Analogous  human  li  antisense 
gene  constructs  that  are  suitable  for  most  patients  and 
cancers  have  been  developed. 

Conversion  of  cancer  cells  into  APCs  via  induction  of  the  MHC 
class  II+/Ii-  phenotype  in  vivo  by  this  method  is  simple  to 
achieve  The  induction  of  MHC  class  II  molecules  and  li  by 
CflTA  and  suppression  of  li  by  fi-RGC  antisense  is  a  clinically 
practical  strategy,  as  both  CUT  A  and  li  genes  are  monomorphic. 
Transduction  of  a  focal  population  of  cells  within  a  tumor  mass 
stimulates  an  immune  response  that  potentially  leads  to 
destruction  of  all  tumor  cells  within  that  mass  as  well  as  in 
distant  metastases.  This  is  particularly  relevant  to  the 
anticipated  clinical  use  where  local  treatment  to  induce  a  potent 
systemic  antitumor  immune  response  is  the  goal. 
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ABSTRACT 

Transfecting  genes  into  tumors,  to  upregulate  major  histocompatibility  complex  (MHC)  class  I  and  class  II 
molecules  and  inhibit  MHC  class  II  associated  invariant  chain  (Ii),  induces  a  potent  anti-tumor  immune  re¬ 
sponse  when  preceded  by  tumor  irradiation,  in  murine  RM-9  prostate  carcinoma.  The  transfected  genes  are 
cDNA  plasmids  for  interferon-y  (pIFN-y),  MHC  class  II  transactivator  (pCIITA),  an  Ii  reverse  gene  construct 
(pli-RGC),  and  a  subtherapeutic  dose  of  adjuvant  IL-2  (pIL-2).  Responding  mice  rejected  challenge  with 
parental  tumor  and  demonstrated  tumor-specific  cytotoxic  T  lymphocytes  (CTLs).  We  have  extended  our  in¬ 
vestigation  to  determine  the  relative  roles  of  each  one  of  the  four  plasmids  pIFN-y,  pCIITA,  pli-RGC,  and 
pIL-2  in  conjunction  with  radiation  for  the  induction  of  a  curative  immune  response.  Upregulation  of  MHC 
class  I  with  pIFN-y  or  class  II  with  pCIITA,  separately,  does  not  lead  to  a  complete  response  even  if  supple¬ 
mented  with  pIL-2  or  pli-RGC.  An  optimal  and  specific  antitumor  response  is  achieved  in  more  than  50%  of 
the  mice  when,  after  tumor  irradiation,  tumor  cells  are  converted  in  situ  to  a  MHC  class  I+/class  II+/Ii-  phe¬ 
notype  with  pIFN-y,  pCIITA,  pli-RGC,  and  pIL-2.  We  demonstrate  further  that  both  CD4+  helper  T  cells 
and  CD8+  cytotoxic  T  cells  are  essential  for  induction  of  an  antitumor  response  because  in  vivo  depletion  of 
either  subset  abrogates  the  response.  The  radiation  contributes  to  the  gene  therapy  by  causing  tumor  de- 
bulking  and  increasing  the  permeability  of  tumors  to  infiltration  of  inflammatory  cells. 


OVERVIEW  SUMMARY 

We  showed  that  genetic  modification  of  murine  RM-9 
prostate  tumor  cells,  in  situ ,  to  express  major  histocompati¬ 
bility  complex  (MHC)  class  I  and  class  II  molecules  and  sup¬ 
press  MHC  class  II  associated  invariant  chain  Ii,  converts 
those  cells  into  a  cancer  vaccine.  Gene  therapy  was  delivered 
intratumorally  using  plasmids  coding  for  interferon  (IFN)-y, 
CHTA,  and  an  Ii  reverse  gene  construct  (li-RGC),  and  a  sub- 
therapeutic  adjuvant  dose  of  interleukin  (IL)-2  plasmid. 
Complete  tumor  regressions,  associated  with  the  induction  of 
a  specific  antitumor  immune  response,  were  obtained  only 
when  gene  therapy  was  preceded  by  tumor  irradiation.  W'e 


now  demonstrate  that  each  of  the  four  plasmids  IFN-y,  CI- 
ITA,  li-RGC,  and  IL-2,  combined  with  tumor  irradiation,  are 
required  for  optimal  antitumor  activity.  This  approach 
causes  the  induction  of  a  strong  antitumor  immune  response, 
in  which  CD4+  T  helper  cells  and  CD8+  cytotoxic  T  cells  play 
an  essential  role.  Radiation  enhances  gene  therapy  by  caus¬ 
ing  tumor  debulking  and  permeability. 

INTRODUCTION 

Several  methods  to  induce  an  immune  response  against 
prostate  cancer,  including  cytokines  or  peptides  delivered 
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via  expression  constructs,  dendritic  cells  or  ex  vivo  vaccination 
with  cytokine  gene-modified  cells,  induced  an  immune  response 
but  with  only  limited  clinical  results  (Hillman  et  a!.,  1999;  Si¬ 
mons  el  a!.,  1999;  Steiner  and  Gingrich,  2000;  Belldegrun  et 
al.,  2001 ;  Harrington  et  a!.,  2001 ;  Trudel  et  a!.,  2003).  Several 
clinical  trials  based  on  immunotherapy,  cancer  vaccines,  or  gene 
therapy  to  induce  an  antitumor  immune  response  did  not  cure 
advanced  metastatic  and  bulky  disease,  but  might  be  effective 
when  combined  with  surgery,  chemotherapy,  or  radiation  to  de¬ 
crease  the  tumor  burden  (Teh  et  al.,  2001 ).  While  radiation  us¬ 
ing  megavoltage  photons  (x  rays)  is  conventional  therapy  for 
localized  prostate  carcinoma,  residual  disease  resulting  in  dis¬ 
ease  progression  occurs  in  a  significant  number  of  patients 
(Powell  et  al.,  1997;  Gray  et  al.,  2001).  A  high  percentage 
(40  50%)  of  patients  with  newly  diagnosed  prostate  cancer 
have  intermediate-  to  high-risk  localized  prostate  cancer  and 
are  at  high  risk  of  recurrence  after  radiotherapy,  probably  as  a 
result  of  residual  radioresistant  tumor  cells  aitd  occult  mi- 
crometastascs  (Forman  et  al.,  1998;  Gray  et  al.,  2001).  Com¬ 
bining  radiation  with  an  effective  cancer  vaccine  has  the  po¬ 
tential  to  eradicate  tumor  deposits  and  micrometastases,  both 
locally  and  at  distant  sites.  Wc  have  developed  a  novel  thera¬ 
peutic  approach  for  the  treatment  of  locally  advanced  prostate 
cancer  that  consists  of  administering  local  tumor  irradiation 
with  the  genetic  induction  of  cancer  vaccine  in  tumor  nodules, 
in  situ,  using  the  murine  RM-9  prostate  carcinoma  preclinical 
model  (Hillman  et  al.,  2003b). 

To  create  a  cancer  vaccine  that  triggers  a  specific  and  sys¬ 
temic  antitumor  immune  response,  tumor-associated  antigens 
(TAA)  on  tumor  cells  must  be  presented  to  helper  T  cells  and 
cytotoxic  T  cells  in  the  context  of  major  histocompatibility  com¬ 
plex  (MHC)  molecules  via  antigen  presenting  cells  (APC)  (Hill¬ 
man  et  al.,  2004a).  We  have  designed  a  strategy'  to  convert 
RM-9  murine  prostate  carcinoma  cells  in  vivo  into  APCs  by  si¬ 
multaneously  upregulating  MHC  molecules  and  suppressing  the 
invariant  chain  (li).  At  the  time  of  their  synthesis  in  the  endo¬ 
plasmic  reticulum  (ER),  unlike  MHC  class  1  molecules,  MHC 
class  II  molecules  cannot  bind  endogenous  antigenic  peptides 
(Xu  et  al.,  2004.).  The  MHC  class  II  molecule  binding  site  ini¬ 
tially  is  blocked  by  Ii,  a  membrane  glycoprotein  that  acts  as  a 
transport-chaperone  and  inhibitor  of  binding  of  endogenous 
antigens  to  newly  synthesized  MHC  class  II  molecules  (Koch 
et  al.,  1982;  Stockinger  et  al.,  1989;  Guagliardi  et  al.,  1990). 
This  mechanism  allows  only  exogenous  peptide  binding  to 
MHC  class  II  molecules  and  limits  the  endogenous  repertoire 
of  peptides  presented  by  MHC  Class  II  molecules  (Clements  et 
al.,  1992;  Qi  e/a/.,  2000;  Hillman  et  al.,  2004a;  Xu  etal.,  2004.). 
Inhibition  or  absence  of  Ii  protein  increases  presentation  of  en¬ 
dogenous  tumor  peptides  by  class  II  molecules  to  helper  T  cells, 
the  activation  of  which  is  essential  for  induction  of  antitumor 
immunity  (Xu  et  al.,  2000,  2004;  Hillman  et  al.,  2004a).  These 
concepts  are  based  on  pioneering  work  by  Ostrand-Roscnberg 
and  colleagues  demonstrating  that  transfecting  syngeneic  genes 
for  MHC  class  II  a  and  /3  chains  into  a  MIIC  class  Il-negative 
tumor  creates  a  tumor  cell  vaccine,  which  protects  against  chal¬ 
lenge  with  the  parental  tumor  (Ostrand-Rosenberg  et  al.,  1 990; 
Clements  et  al.,  1992;  Armstrong  et  al.,  1997,  1998b,a;  Qi  et 
al.,  2000).  Supratransfecting  these  engineered  MHC  class  II- 
positive  tumor  cells  with  a  gene  for  the  Ii  protein  abrogated  the 


vaccine  potential  of  the  modified  cells  (Clements  et  al..  1992; 
Armstrong  et  al.,  1997). 

We  have  shown  that  suppression  of  li  protein  synthesis  by 
antisense  methods  enables  MHC  class  11  molecules  to  present 
TAA  epitopes  to  helper  T  cells  (Hillman  etal.,  2003a, b;  Lu  et 
al.,  2003).  Expressible  Ii  antisense  reverse  gene  constructs  (Ii- 
RGC)  were  engineered  for  inclusion  into  DNA  vaccine  vectors. 
These  constructs  were  cloned  into  plasmids  and/or  engineered 
into  adenoviruses  to  evaluate  different  methods  of  tumor  gene 
transfection  (Hillman  etal.,  2003a,b:  Lu  etal..  2003).  The  trans¬ 
fection  of  MHC  class  1  and  class  II  negative  RM-9  cells,  in 
vitro,  using  DNA  plasmids  encoding  the  genes  for  interferon-y 
(pIFN-y)  and  the  MHC  class  11  transactivator  (pCIITA)  caused 
upregulation  of  MHC  class  I  molecules  and  MHC  class  II  mol¬ 
ecules,  respectively  (Hillman  et  al.,  2003b).  The  Ii  protein,  coin¬ 
duced  by  pCIITA  transfection,  was  suppressed  by  an  adenovi¬ 
rus  encoding  for  an  antisense  reverse  gene  construct  (li-RGC) 
(Hillman  et  al.,  2003b).  In  vivo,  the  genes  were  delivered  in- 
tratumorally  in  established  RM-9  tumors  using  the  plasmids 
plFN-y,  pCIITA,  pli-RGC,  and  a  subthcrapeutic  dose  of  a  DNA 
plasmid  encoding  the  interleukin-2  gene  (pIL-2)  used  as  an  ad¬ 
juvant  cytokine.  This  treatment  led  to  significant  tumor  growth 
inhibition  but  not  to  complete  tumor  regression  (Hillman  et  al., 
2003b).  Wc  showed  that  radiation  of  established  tumors  fol¬ 
lowed,  a  day  later,  by  intratumoral  injection  of  plFN-y,  pCIITA, 
pli-RGC,  and  pIL-2,  resulted  in  complete  tumor  regression  in 
more  than  50%  of  the  mice  (Hillman  et  al.,  2003b).  Complete 
responders  are  defined  by  tumor  regression  and  disappearance, 
and  remaining  tumor-free  for  more  than  60  90  days  of  follow¬ 
up.  Moreover,  these  complete  responders  were  immune  to 
rechallenge  with  parental  tumor  cells  and  demonstrated  tumor- 
specific  cytotoxic  T  cell  activity  (Hillman  et  al.,  2003b).  These 
data  demonstrated  that  radiation  enhanced  the  therapeutic  ef¬ 
fect  of  intratumoral  gene  therapy  for  in  situ  induction  of  a  long- 
lasting  tumor-specific  immune  response. 

We  have  now  investigated  the  requirement  for  each  one  of 
the  four  gene  vectors,  IFN-y,  CUT A,  li-RGC,  and  IL-2,  for  the 
induction  of  the  cancer  vaccine  when  combined  with  prior  tu¬ 
mor  irradiation.  We  found  that  radiation  and  gene  therapy  us¬ 
ing  only  the  adjuvant  plasmids  IL-2,  li-RGC,  or  both  together 
did  not  cause  complete  tumor  regression.  Upregulation  of  MHC 
class  1  molecules  with  pIFN-y,  or  class  II  molecules  with  pCI¬ 
ITA,  respectively,  was  not  sufficient  to  lead  to  a  complete  re¬ 
sponse  even  if  supplemented  with  pIL-2  or  pli-RGC.  An  opti¬ 
mal  and  specific  antitumor  response  was  achieved  in  more  than 
50%  of  mice  when,  after  tumor  irradiation,  tumor  cells  are  con¬ 
verted  in  situ  to  the  MHC  class  I+/ciass  II  +/Ii-  phenotype  by 
gene  therapy  with  IFN-y,  CIITA,  li-RGC  and  supplemented 
with  adjuvant  cytokine  plasmid  IL-2.  Selective  in  vivo  deple¬ 
tion  of  CD4  *  helper  T  cells  or  CDS  *  cytotoxic  T  cells  abrogated 
the  response  to  radiation  and  gene  therapy  confirming  that  these 
two  T  cell  subsets  play  an  essential  role  in  the  induction  of  com¬ 
plete  antitumor  immune  response.  Radiation  caused  significant 
dcbulking  of  the  tumors  in  situ  as  demonstrated  by  significant 
colony  formation  inhibition  of  cells  isolated  from  tumors  at  early 
time  points  between  days  1-13  after  radiation  treatment.  Apop¬ 
tosis  was  documented  histologically  in  these  tumors  as  early  as 
1  day  after  radiation,  at  the  time  gene  therapy  was  initiated.  Com¬ 
plete  tumor  destruction  by  combined  gene  therapy  was  deter- 
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mined  by  lack  of  colony  formation  of  cells  isolated  from  these 
tumors  and  by  histologic  observation. 

MATERIALS  AND  METHODS 

Tumor  model 

The  RM-9  murine  prostate  cancer  cell  line,  provided  by  Dr. 
Timothy  Tompson  (Baylor  College  of  Medicine,  Houston,  TX), 
was  derived  from  independent  primary  prostate  tumors  induced 
in  the  Zipras/myc-9-infected  mouse  prostate  reconstitution 
(MPR)  model  system  using  C57BL/6  mice  as  previously  de¬ 
scribed  (Thompson  et  al.,  1989).  Cells  were  maintained  in  vivo 
by  serial  subcutaneous  passages  and  were  also  cultured  in  vitro 
in  complete  medium  (C'M)  consisting  of  Dulbecco’s  modified 
Eagle’s  medium  (DMEM)  supplemented  with  10%  heat-inac¬ 
tivated  fetal  bovine  serum,  iOOU/ml  penicillin  Q,  100  /xg/ml 
streptomycin,  and  10  m M  HEPES  buffer  (Gibco  BRL.  Life 
Technologies,  Grand  Island,  NY)  (Hall  et  al.,  1 997;  Nasu  et  al., 
1999).  Cells  were  passaged,  in  vitro,  by  trypsinization  using 
0,25%  trypsin.  For  in  vivo  implantation,  RM-9  cells  were 
washed  in  Hanks'  balanced  salt  solution  (HBSS)  and  injected 
subcutaneously  at  2  X  10s  cells  in  0.1  ml  HBSS,  in  4  6  week 
old  C57BL/6  mice  (Harlan  Sprague  Dawley  Inc,  Indianapolis, 
IN).  For  proper  alignment  in  the  radiation  apparatus,  cells  were 
injected  in  the  middle  of  the  back,  1.5  cm  from  the  tail  (Hill¬ 
man  et  al.,  2003b).  Mice  were  shaved  prior  to  injection  for  ac¬ 
curate  location  of  the  injection  site  and  for  monitoring  tumor 
growth,  Mice  were  housed  and  handled  in  facilities  accredited 
by  the  American  Association  for  the  Accreditation  of  Labora¬ 
tory  Animal  Care.  The  animal  protocol  was  approved  by  the 
Wayne  State  University  Animal  Investigation  Committee. 

Gene  expression  vectors: 

The  plasmids  pEF/Bsd/CIITA  (pCIITA)  and  pcDNA 
(3)/IFN-y  (plFN-y)  were  constructed  with  cytomegalovirus 
(CMV)  promoters  based  on  constructs  from  Invitrogen  (Carls¬ 
bad,  CA)  by  standard  molecular  biology  techniques.  The  plas¬ 
mid  li-RGC  (pli-RGC.)  was  constructed  by  cloning  an  Ii  gene 
fiagment  of  base  pairs  from  -92  to  97  (where  A  in  the  AUG 
start  codon  is  position  1)  into  the  RSV.5  vector  in  a  reverse  ori¬ 
entation,  being  driven  by  a  RSV  promoter  to  avoid  promoter 
competition  when  large  amounts  of  li-RGC  were  used  (Hill¬ 
man  et  al.,  2003b).  This  construct  was  selected  for  our  studies 
because  it  was  more  effective  than  the  same  construct  driven 
by  a  CMV  promoter  (data  not  shown).  The  IL-2-containing 
plasmid  (pII.-2),  pNGVL-hIL-2  plasmid  (CMV  promoter/en- 
hancer/intron  A),  was  obtained  from  the  National  Gene  Vector 
Laboratory  (University  of  Michigan,  Ann  Arbor,  Ml). 

Radiation 

An  apparatus  developed  for  radiotherapy  of  mouse  prostate 
tumors  (Hillman  et  al.,  2001)  was  adapted  for  the  radiation  of 
subcutaneous  tumors  located  in  the  middle  of  the  back,  1.5  cm 
from  the  tail.  Acrylic  jigs  were  designed  to  place  anesthetized 
mice  in  the  supine  position  with  their  fore  and  hind  limbs  re¬ 
strained  by  posts  for  reproducible  and  accurate  positioning  of 


the  subcutaneous  tumor  on  the  back  as  described  previously 
(Hillman  et  al.,  2003b).  Three  jigs  were  positioned  on  an  alu¬ 
minum  frame  mounted  on  the  x  ray  machine  to  irradiate  three 
mice  at  a  time.  Lead  shields  of  6.4-mm  thickness  were  designed 
with  three  cutouts  for  the  three  mice  to  expose  the  area  of  the 
tumor  to  photon  irradiation  while  shielding  the  rest  of  the  mouse 
body  (Hillman  et  al..  2003b).  The  radiation  dose  to  the  tumor 
and  the  scattered  dose  to  areas  of  the  mouse  outside  of  the  ra¬ 
diation  field  were  carefully  monitored.  Photon  irradiation  was 
performed  with  a  Siemens  Stabilipan  X  ray  set  (Siemens  Med¬ 
ical  Systems,  Inc.,  Malvern.  PA)  operated  at  250  kV,  15  mA 
with  I -mm  copper  filtration  at  a  distance  of  47.5  cm  from  the 
target. 

Combination  of  radiation  and  intratumoral  gene 
therapy  with  DNA  plasmid  vectors 

Mice  were  injected  subcutaneously  with  RM-9  cells  at  2  X 
10s  cells  in  0.1  ml  HBSS.  Mice  with  established  tumors  were 
treated  on  day  6  with  selective  tumor  irradiation  administered 
at  a  single  dose  of  8  Gy  photons.  One  day  later,  on  day  7,  in¬ 
tratumoral  injections  of  DNA  plasmid  vectors  were  initiated  and 
continued  on  days  8,  9,  and  10  as  previously  described  (Hill¬ 
man  et  al.,  2003b).  C1ITA,  IFN-y,  and  IL-2  DNA  plasmids  were 
injected  at  a  dose  of  3  /xg  per  injection  per  day  while  li-RGC 
DNA  plasmid  was  injected  at  3 1  /xg  per  injection  per  day.  We 
used  approximately  10  times  more  li-RGC  than  CIITA  in  or¬ 
der  to  ensure  that  each  cell  transfected  with  a  CIITA  gene  was 
also  transfected  with  li-RGC,  and  to  ensure  that  there  would  be 
sufficient  suppression  of  the  Ii  protein  in  light  of  Ii  induction 
caused  by  CIITA.  A  total  of  40  /xg  of  plasmid  were  injected 
per  mouse,  and  the  total  amount  of  plasmid  DNA  was  adjusted 
when  needed  using  empty  plasmid  DNA  to  result  in  the  same 
total  DNA  for  all  groups.  Plasmids  vectors  were  mixed  with  a 
liposome  formulation  of  cationic  lipid  DMRIE  [  1 ,2-dimeristy- 
Ioxypropyl-3-dimethyl-hydroxy  ethyl  ammonium  bromide/cho¬ 
lesterol]  (DMR1E-C,  Gibco,  Life  Technologies)  2-4  min  prior 
to  injection  at  a  ratio  of  1 :5  w/w,  DMRIE/DNA.  Experimental 
groups  were  treated  either  with  intratumoral  PBS  or  tumor  ir¬ 
radiation  and  intratumoral  PBS,  or  tumor  irradiation  and  vari¬ 
ous  combinations  of  plasmids.  Mice  were  monitored  for  tumor 
growth  and  survival.  Tumors  were  measured  in  three  dimen¬ 
sions,  three  times  per  week,  with  a  caliper.  Tumor  volume  was 
calculated  using  the  equation:  0.5236  X  length  X  width  X 
height.  In  all  experiments,  when  tumors  reached  1 .5  cm  in  great¬ 
est  diameter  or  1  cm  with  ulceration,  mice  were  sacrificed  in 
accordance  with  animal  facilities  regulations.  Mice  with  no  ev¬ 
idence  of  tumor  by  day  64  70  underwent  rechallenge  with  1  X 
I05  parental  RM-9  tumor  cells  injected  subcutaneously  in  the 
opposite  flank;  as  a  control,  three  naive  mice  also  underwent 
challenge  in  this  manner. 

In  vivo  depletion  of  CD4+  or  CD8+  T  cell  subsets 

Mice  were  injected  subcutaneously  with  RM-9  cells  at  2  X 
10s  cells  in  0.1  ml  HBSS.  On  days  1,4,  6,  and  12,  mice  were 
injected  with  either  anti-CD4  monoclonal  antibody  (mAb)  or 
anti-CD8  mAb.  To  deplete  CD4+  T  cells,  0.1  ml  ascites  fluid 
of  GK  1 .5  mAb  was  injected  intraperitoneally.  To  deplete  CDS + 
T  cells,  mice  were  injected  intraperitoneally  with  0.5  ml  hy- 
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bridoma  culture  supernatant  of  Ly-2  mAb  that  was  purified  us¬ 
ing  the  Montage  Antibody  Purification  Kit  with  PROSEP-A 
(Millipore,  Billerica,  MA).  On  day  6,  tumor  irradiation  was  ad¬ 
ministered  at  8  Gy  photons  followed  on  days  7-10  by  daily  in- 
tratumoral  injections  of  pCIITA  +  pIFN-y  +  pli-RGC  +  pIL-2 
plasmid  combinations  as  described  above.  Depletion  of  T  cells 
was  monitored  on  days  7,  13,  and  27  post-cell  injection,  by  im- 
munofluorescent  staining  of  mouse  splenocytes  with  specific  an¬ 
tibodies  as  previously  described  (Younes  et  al.,  1995).  Spleno¬ 
cytes  ( 106)  were  washed  in  phosphate-buffered  saline  (PBS) 
containing  0.1%  sodium  azide  and  0.1%  fetal  calf  serum  (FCS) 
and  then  labeled  with  antibodies  for  30  min  at  4°C.  The  mAbs 
anti-L3T4  conjugated  to  phycoerythrin  (PE)  and  anti-Lyt-2  con¬ 
jugated  to  fluorescein  isothiocyanate  (F1TC)  were  used  for  C'D4r 
and  CD8 1  T  cells  respectively  (Caltag  Laboratories,  Burlingame, 
CA).  Gates  were  set  for  nonspecific  binding  using  cells  labeled 
with  the  isotypes  rat  IgG2b-FITC  and  rat  IgG2b-PE  (Caltag  Lab¬ 
oratories).  Cells  were  analyzed  on  a  FACScan  flow  cytometer. 

Tumor  processing  for  cell  viability  and  colony 
formation  assay 

Tumors  were  resected  at  different  time  points,  weighed,  and 
processed  into  a  single  cell  suspension.  Tumors  were  minced 
into  small  pieces  and  dissociated  by  enzymatic  digestion  with 
0.4  mg/ml  coilagenase  type  IV  (Sigma  Chemical  Co.,  St.  Louis, 
MO)  in  RPMI-1640  medium  supplemented  with  2  mM  gluta¬ 
mine  and  100  U/ml  penicillin/streptomycin.  Tumor  digestion 
was  done  at  37°C  for  2  hr  with  stirring,  and  then  cells  were  fil¬ 
tered  through  a  wire  mesh.  The  cell  suspension  was  washed 
twice  in  medium.  The  number  of  viable  cells  was  determined 
by  trypan  blue  exclusion.  Cells  were  plated  for  colony  assay  in 
triplicates  in  6-well  plates  at  a  concentration  of  3000  cells  per 
well  for  cells  from  control  tumors,  radiation-,  or  plasmid-treated 
tumors,  and  1000  cells  per  well  for  radiation-  plus  plasmid- 
treated  tumors  in  2  ml  CM.  After  8  days  incubation  at  37°C  in 
a  5%  C02/5%  O?/90%  N2  incubator,  colonies  were  fixed  and 
stained  in  2%  crystal  violet  in  absolute  ethanol,  then  counted. 
The  plating  efficiency  was  calculated  for  each  well  by  dividing 
the  number  of  colonies  by  the  original  number  of  cells  plated. 
The  surviving  fraction  was  normalized  to  the  cell  plating  effi¬ 
ciency  of  control  cells  by  dividing  the  plating  efficiency  of 
treated  cells  by  that  of  control  cells. 

Histology 

Tumors  were  resected  at  different  time  points  and  processed 
for  histology  studies.  Tumors  were  fixed  in  10%  buffered  for¬ 
malin,  embedded  in  paraffin,  and  sectioned.  Sections  were  stained 
with  hematoxylin  and  eosin  (1  l&E).  To  detect  apoptotic  cells, 
paraffin-embedded  sections  were  pretreated  with  proteinase  K 
(20  /xg/ntl)  for  15  min  and  stained  using  an  In  Situ  Cell  Death 
Detection  Kit  peroxidase  POD  (TUNEL)  according  to  manufac¬ 
turer’s  instructions  (Roche  Applied  Science,  Indianapolis,  IN). 
Slides  were  counterstained  with  Mayer's  hematoxylin. 

Statistical  analysis 

To  compare  the  proportion  of  mice  with  complete  tumor  re¬ 
gression,  the  x1  test  was  used  at  the  statistical  significance  level 
of  0.05. 


RESULTS 

Radiation  and  induction  of  the  MHC  class  I + /class 
Il+/Ii-  phenotype  for  optimal  antitumor  response  in 
RM-9  tumors 

We  previously  demonstrated  that  an  optimal  antitumor  re¬ 
sponse  induced  by  intratumoral  gene  therapy  was  obtained  only 
when  radiation  was  given  to  the  tumor  selectively  1  day  prior 
to  gene  therapy  (Hillman  et  ah,  2003b).  The  gene  therapy, 
which  was  used  to  convert  the  tumor  cells  in  situ  into  a  potent 
cancer  vaccine,  consisted  of  a  mixture  of  the  four  DNA  plas¬ 
mid  vectors  pCIITA,  pIFN-y,  pli-RGC,  and  plL-2.  In  order  to 
dissect  the  relative  roles  of  each  plasmid  in  inducing  the  can¬ 
cer  vaccine  response,  we  have  now  treated  established  RM-9 
tumors  of  0.3-  0.4  cm  with  8  Gy  radiation  followed  a  day  later 
by  intratumoral  injection  of  various  combinations  of  plasmids 
given  once  per  day  for  4  consecutive  days.  In  repeated  exper¬ 
iments,  treatment  of  tumors  with  PBS,  or  with  radiation  and  ** 

PBS,  did  not  lead  to  complete  tumor  regression  (Table  I),  as^i  T1 

shown  previously  (Hillman  et  al.,  2003b).  Treating  tumors  with  ' . ' 

radiation  followed  by  empty  plasmid  injections  also  did  not 
cause  complete  tumor  regression  (Table  1 ,  I).  Single-plasmid 
gene  therapy  using  pIL-2  or  pli-RGC  combined  with  Utmor  ir¬ 
radiation  also  did  not  result  in  a  complete  antitumor  immune 
response  (Table  1,  /).  These  data  confirm  that  pIL-2  .perse,  is 
not  therapeutic  at  the  low  dose  of  3  g.g  used  in  these  studies. 

As  expected,  pli-RGC  by  itself  is  not  sufficient  to  cause  an  ef¬ 
fect  on  tumor  growth  in  RM-9  cells  negative  for  li  and  MHC 
class  II  molecules.  Combining  radiation  with  pli-RGC  and  pIL- 
2  led  to  one  of  six  mice  having  complete  tumor  regression;  how¬ 
ever,  this  mouse  was  not  immune  to  RM-9  rechallenge,  ruling 
out  induction  of  immune  response  with  specific  tumor  immu¬ 
nity  by  this  treatment  (Table  I,  7). 

We  have  shown  that  pIFN-y  transfection  of  RM-9  cells  in¬ 
duces  cell  surface  expression  of  MHC  class  I  molecules  (Hill¬ 
man  el  a!.,  2003b).  In  order  to  address  whether  induction  of 
MHC  class  1  molecules  is  sufficient  to  get  a  therapeutic  effect, 
tumors  were  treated  with  radiation  followed  by  a  mixture  of 
pIFN-y  and  pli-RGC.  No  complete  responders  were  observed 
in  eight  treated  mice  showing  that  upregulation  of  MHC  class 

1  molecules  by  pIFN-y  was  not  sufficient  to  induce  a  complete 
tumor  response  and  that  pli-RGC  also  did  not  affect  this  re¬ 
sponse  as  could  be  expected  (Table  1 ,  II).  The  addition  of  pIL- 

2  led  to  one  responder  out  of  eight,  this  finding  might  be  inci¬ 
dental  as  found  with  radiation  plus  pli-RGC  plus  pIL-2  (Table 
1  HI). 

We  have  shown  that  pCIITA  transfection  of  RM-9  cells 
causes  upregulation  of  MHC  class  II  cell  surface  molecules  and 
intracellular  li  protein  (Hillman  el  al.,  2003b),  To  test  whether 
induction  of  MHC  class  II  molecules  and  suppression  of  li  arc 
sufficient  to  get  a  therapeutic  effect,  minors  were  treated  with 
radiation  followed  by  a  mixture  of  pCIITA  and  pli-RGC.  Up- 
regulating  MHC  class  11  molecules  by  pCIITA  and  decreasing 
li  protein  by  pli-RGC  were  not  sufficient  to  induce  a  complete 
tumor  response  (Table  1.  III).  However,  addition  of  an  adju¬ 
vant  dose  of  pIL-2  cytokine  induced  a  complete  and  significant 
antitumor  response  in  30%  of  the  mice  compared  to  the  same 
treatment  with  pIL-2  alone  (/;<  0.001).  This  antitumor  re¬ 
sponse  was  the  result  of  a  specific  immune  response  as  con- 
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Tabu;  I.  Radiation  and  Induction  of  tub  MHC  Class  I+/MHC  Class  II+/Ii-  Phenotype  Provide 
Optimal  Antitumor  Response  to  RM-9  Tumors 


Treatment 

Post-treatment 

Tumor-free  mice 

Post-RM-9  challenge 

PBS  control 

0/20a 

NA 

Radiation 

0/20a 

NA 

I.  Adjuvant  plasmids 

Radiation  +  empty  plasmid 

0/5 

NA 

Radiation  +  plL-2 

0/5 

NA 

Radiation  +  pli-RGC 

on 

NA 

Radiation  +  pli-RGC  +  pIL-2 

1/6 

0/1 

II.  MHC  Class  I  + 

Radiation  +  pIFN-y  +  pli-RGC 

0/8 

NA 

Radiation  +  plFN-y  +  pli-RGC'  +  plL-2 

1/8 

NT 

III.  MHC  Class  11+ 

Radiation  +  pCIITA  +  pli-RGC 

0/8 

NA 

Radiation  +  pCIITA  +  pli-RGC  +  pIL-2 

4/1 3b 

4/4 

IV.  MHC  Class  !+/Class  11+ 

Radiation  +  pCIITA  +  pIFN-y 

0/5 

NA 

Radiation  +  pCIITA  +  pIFN-y  +  pli-RGC 

1/7 

1/1 

Radiation  +  pCIITA  +  pIFN-y  +  pIL-2 

3/1  lb 

3/3 

Radiation  +  pCIITA  +  pIFN-y  +  pli-RGC  +  plL-2 

1  l/21b 

11/11 

“In  control  PBS  and  radiation  groups,  5  mice  per  group  were  used  in  each  of  the  4  experiments  resulting  in  no  antitumor  re¬ 
sponse  in  a  total  of  20  mice. 

bIn  these  radiation  +  plasmids  group,  data  from  2-3  repeated  experiments  were  compiled. 

Established  subcutaneous  RM-9  tumors  were  irradiated  with  8  Gy  photons  on  day  6.  On  day  7,  intratumoral  plasmid  therapy 
with  various  plasmid  combinations  was  initiated  for  4  consecutive  days  as  detailed  in  Materials  and  Methods.  The  proportion  of 
tumor-free  mice  at  the  end  of  the  observation  period,  by  day  64-70  after  radiation  and  plasmid  therapy  is  presented.  Tumor-free 
mice  and  naive  mice  were  challenged  with  RM-9  cells  at  that  time.  The  proportion  of  challenge-tumor  free  mice  after  3  4  weeks 
post-tumor  challenge  is  reported.  These  data  arc  compiled  from  four  separate  experiments. 

MHC,  major  histocompatibility  complex;  PBS,  phosphate-buffered  saline. 


firmed  by  rejection  of  RM-9  challenge  in  the  four  complete  re¬ 
sponders  of  13  treated  mice  (Table  1,  III). 

Treatment  of  mice  with  tumor  irradiation  followed  by  pIFN-y 
and  pCHTA  to  upregulate  MHC  class  1  molecules  and  class  II 
molecules  associated  with  li  synthesis  was  not  sufficient  to 
cause  a  complete  response  (Table  1,  IV).  Addition  of  pli-RGC 
to  decrease  li  synthesis  induced  a  complete  specific  antitumor 
response  in  one  of  seven  mice  ( 14%  response).  Addition  of  pIL- 
2  to  pCIITA  and  pIFN-y  caused  a  complete  antitumor  response 
in  27%  of  the  mice  confirming  a  role  for  IL-2  to  act  as  an  ad¬ 
juvant  to  enhance  an  immune  response  triggered  by  tumor  cells 
expressing  MHC  class  1  and  class  II  molecules  (Table  1,  IV). 
However,  when  pli-RGC  was  added  to  the  mixture  of  pCIITA 
plus  plFN-y  plus  pIL-2,  to  decrease  li  synthesis,  the  number  of 
mice  responding  with  complete  tumor  regression  was  consis¬ 
tently  increased  resulting  in  a  complete  and  lasting  response 
over  60  days  in  more  than  50%  of  the  mice  (Table  \  ,IV).  Com¬ 
parisons  between  treatment  groups  showed  that  addition  of  pli- 
RGC  and  pIL-2  to  pCIITA  and  pIFN-y  was  significant  (p  < 
0.005)  and  addition  of  pCIITA  to  pIFN-y  plus  pli-RGC  plus 
plL-2  was  significant  ( p  <  0.05).  The  complete  tumor  re¬ 
sponses  observed  in  series  IV  of  in  situ  induction  of  MHC  class 


I+/class  11+  combined  with  adjuvant  plasmids  were  caused  by 
a  specific  antitumor  immune  response  because  all  responding 
mice  rejected  RM-9  tumor  cell  rechallenge  administered  on  day 
64  (Tabic  1,  IV).  Mice  rejecting  challenge  tumors  were  clear  of 
tumors  during  a  3-4  week  period.  In  contrast,  all  naive  mice 
developed  RM-9  tumors  by  7-10  days  after  challenge  with  RM- 
9  cells. 

Effect  of  in  vivo  depletion  of  CD4+  or  CDS +  T  cells 
on  the  antitumor  response  induced  by  radiation  and 
gene  therapy  in  RM-9  tumors 

To  assess  the  role  of  CD4  1  helper  T  cells  and  CD8f  cyto¬ 
toxic  T  cells,  mice  were  injected  with  mAb  specific  to  these 
subpopulations  before  and  after  treatment  with  tumor  irradia¬ 
tion  and  pCIITA  plus  plFN-y  plus  pli-RGC  plus  pIL-2  intra¬ 
tumoral  gene  therapy  (as  detailed  in  Materials  and  Methods). 
Tumor  growth  was  inhibited  by  radiation  and  gene  therapy  by 
more  than  approximately  20  days  compared  to  control  tumors 
(Fig.  1A  and  IB),  as  previously  described  (Hillman  et  al., 
2003b).  Tumor  progression  was  observed  in  6  of  12  mice  by 
day  30  while  the  remaining  6  of  12  mice  showed  tumor  re- 
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Control 


Rad  +  Plasmids 


Rad  +  Plasmids  +  anti-CD4  Rad  +  Plasmids  +  anti-CD8 


FIG.  1.  Growth  of  RM-9  tumors  in  mice  depicted  of  T  cells  and  treated  with  irradiation  and  gene  therapy.  Mice  were  injected 
ssucutaneously  with  RM-9  cells  and  treated  with  intraperitoneal  injections  of  GK  1.5  anti-CD4  monoclonal  antibody  (mAb(  or 
Ly-2  anti-CDS  mAb  before  and  after  gene  therapy  on  day  1,  4,  6.  and  12.  On  day  6.  mice  were  treated  with  8  Gy  tumor  irradi¬ 
ation  followed  on  days  7-10  by  daily  intratumoral  injections  of  pCIITA  plus  pIFN-y  plus  pli-RGC  plus  pIL-2  plasmids.  A:  Con¬ 
trol  mice  treated  with  phosphate  buffered  saline  (PBS).  B:  Mice  treated  with  tumor  irradiation  plus  gene  therapy.  C:  Mice  pre- 
treated  with  anti-CD4  mAb  then  with  radiation  plus  gene  therapy.  D:  Mice  pretreated  with  anti-CDS  mAb  then  with  radiation 
plus  i>ene  therapy.  In  panels  (B),  (C),  and  (D),  the  tumor  volume  of  12  individual  mice  is  represented  each  by  a  dilTcrcnt  sym¬ 
bol.  Complete  tumor  regressions  were  observed  in  6  of  12  mice  treated  with  radiation  and  gene  therapy  (B)  compared  to  0  of  12 
in  mice  depleted  of  either  CD4+  T  cells  (C)  or  CD8  +  T  cells  (D). 


gression  that  was  consistent  with  our  previous  findings  of  ap¬ 
proximately  50%  response  (Fig.  IB,  Table  1;  Hillman  el  a!., 
2003b).  In  treatment  groups  receiving  either  anti-CD4  mAb  or 
anti-CDS  mAb,  tumor  growth  was  inhibited  initially  probably 
due  to  the  radiation  effect,  but  after  day  20,  all  tumors  pro¬ 
gressed  rapidly  to  large  sizes  (Figure  1  C,  D).  Tumor  regres¬ 
sion  was  observed  in  0  of  12  mice  treated  with  anti-CD4  mAb 
and  in  0  of  12  mice  treated  with  anti-CDS  mAb  compared  to  6 


of  12  mice  treated  with  radiation  plus  gene  therapy  but  not  de¬ 
pleted  of  T  cells.  Therefore,  the  antitumor  response  mediated 
by  tumor  irradiation  and  gene  therapy  was  abrogated  by  de¬ 
pletion  of  CD4+  helper  T  cells  or  CD8 ''  cytotoxic  T  cells  prior 
and  after  therapy.  A  second  identical  experiment  showed  re¬ 
producibility  of  our  findings  in  which  4  of  10  mice  had  com¬ 
plete  tumor  regression  after  tumor  irradiation  and  gene  therapy 
while  0  of  10  and  1  of  8  had  tumor  regression  in  groups  treated 
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with  anti-CD4  and  anti-CD8  mAbs,  respectively.  In  both  ex¬ 
periments,  immune  monitoring  of  CD4 4  T  cell  subsets  or  CD8  ® 
T  cell  subsets  on  days  7,  1 3.  and  27  by  immunofluorescent  stain¬ 
ing  of  mouse  splenocytes,  confirmed  the  depletion  of  these  pop¬ 
ulations.  CD4 '  T  cells  were  completely  depleted  in  vivo  dur¬ 
ing  and  after  treatment  with  plasmids  for  at  least  4  weeks  (data 
not  shown).  Similarly,  depletion  of  CD8+  T  cells  was  also  com¬ 
plete  for  several  days  during  and  after  treatment  with  plasmids 
and  lasted  for  4  weeks  (data  not  shown).  We  found  that  by  day 
42,  CD4+  T  cells  and  CDS '  T  cells  started  to  regenerate.  The 
percent  of  CD4  '  T  cells  and  CD8+  T  cells  was  comparable  in 
naive  mice,  RM-9-bearing  mice  and  mice  treated  with  tumor 
irradiation  and  gene  therapy  w'ithout  T  cell  depletion  and  was 
in  the  range  of  16-20%  for  CD4*  T  cells  and  9  12%  for  CD8+ 
T  cells. 


Viability  and  division  ability  of  cells  isolated  from 
RM-9  tumors  treated  with  radiation  and  gene  therapy 

To  investigate  the  contribution  of  radiation  to  the  extent  of 
cell  killing  prior  to  and  after  gene  therapy,  established  tumors 
were  treated  with  radiation  and  pCIITA  plus  pIFN-y  plus  pli- 
RGC  plus  pIL-2  intratumoral  gene  therapy  or  each  therapy 
alone  (as  detailed  in  Materials  and  Methods).  On  days  1,  5,  8, 
and  1 3  postradiation  (corresponding  to  days  0,  1,4,  and  9  af¬ 
ter  gene  therapy),  tumors  were  resected  and  weighed.  One  tu¬ 
mor  from  each  group  was  fixed  in  formalin  for  histology  stud¬ 
ies  described  below  and  one  tumor  was  dissociated  into 
single-cell  suspension  for  cell  count  and  colony  formation  as¬ 
say  as  detailed  in  Materials  and  Methods.  These  kinetic  stud¬ 
ies  showed  that  tumors  grew  rapidly  in  control  nonirradiated 
.  .  tumors  while  radiation  inhibited  the  growth  of  the  tumor  up  to 
F2  >13  days  after  tumor  irradiation  (Fig.  2A).  After  plasmid  ther- 
— apy,  growth  of  the  tumors  resumed  4  days  after  the  end  of  gene 
therapy  while  radiation  combined  with  plasmid  therapy  de¬ 
creased  the  tumor  burden  by  4  days  after  gene  therapy  with 
minimal  measurable  nodules,  a  lasting  effect  seen  by  day  9  af¬ 
ter  gene  therapy  or  day  13  after  radiation  in  contrast  to  tumors 
treated  with  plasmids  alone  (Fig.  2A).  The  number  and  viabil¬ 
ity  of  the  tumor  cells  isolated  from  these  tumors  followed  the 
same  pattern  with  rapid  increase  in  the  number  of  viable  cells 
in  control  tumors  and  relatively  lower  number  of  cells  in  radi¬ 
ation-treated  tumors  for  up  to  13  days  after  radiation  (Fig.  2B). 
Already  by  1  day  after  radiation,  the  recovery  of  viable  tumor 
cells  was  five  times  less  than  in  control  tumor.  An  increase  in 
the  number  of  viable  cells  was  observed  4  days  after  plasmid 
therapy  while  the  number  of  viable  cells  isolated  from  radia¬ 
tion  plus  plasmid-treated  tumors  remained  low  (<  0.4- 0.6  X 
10s  per  tumor)  (Fig.  2B). 

To  determine  the  division  ability  of  the  cells  isolated  from 
treated  tumors,  cells  were  plated  in  an  8-day  colony  formation 
assay.  The  surviving  fraction  showed  that  cells  isolated  from 
radiation  treated  tumors,  1  day  after  radiation,  had  approxi¬ 
mately  60%  inhibition  in  their  ability  to  form  colonies  relative 
to  control  tumors  (Fig.  2C).  This  inhibition  remained  in  the 
range  of  40  50%  over  13  days  after  radiation.  These  data  cor¬ 
roborate  the  findings  of  the  kinetics  of  tumor  growth  and  via¬ 
bility  of  the  cells  over  13  days  remaining  at  a  low  level  after 
radiation.  On  days  4  and  9  after  plasmid  therapy  an  inhibition 


of  30-40%  colony  formation  was  observed  relative  to  control 
(Fig.  2C).  Treatment  with  radiation  and  plasmids  almost  com¬ 
pletely  abrogated  the  ability  of  tumor  cells  to  divide,  corrobo¬ 
rating  the  low  tumor  weight  and  the  low  number  of  cells  re¬ 
covered  from  these  tumors  (Fig.  2C).  These  data  were 
consistently  reproduced  in  a  second  experiment. 


Histologic  evaluation  of  RM-9  tumors  treated  with 
radiation  and  gene  therapy 

To  determine  the  in  situ  alterations  induced  by  radiation  and 
gene  therapy  and  the  extent  of  tumor  destruction  compared  to 
each  treatment  alone,  separate  tumors  resected  from  the  exper¬ 
iment  described  above  and  depicted  in  Figure  2  were  processed 
for  histologic  studies.  Tumor  sections  were  stained  with  II&E 
and  others  were  stained  using  the  TUNEL  assay  as  detailed  in 
Materials  and  Methods.  Untreated  RM-9  tumors  presented  as 

sheets  of  pleomorphic  epithelial  cells,  with  large  nuclei  and  ^ . 

prominent  nucleoli  (Fig.  3A),  and  few  apoptotic  cells  (Fig.  3B).  <•{  F3 

Already  1  day  after  radiation,  areas  of  focal  necrosis  and  apop-  "  - . - 

totic  cells  were  scattered  in  the  tumor  nodules  as  seen  by  H&E 
staining  (Fig.  3C)  and  confirmed  by  TUNEL  staining  (Fig.  3D). 

An  increase  in  fibrosis,  inflammatory  infiltrates,  including  poly¬ 
morphonuclear  cells  (PMN)  and  lymphocytes,  and  focal  hem¬ 
orrhages  were  observed  at  5-13  days  postradiation,  however, 
approximately  50  -70%  of  the  tumor  cells  looked  viable.  A 
larger  number  of  giant  cells  tumors  were  seen  that  are  charac¬ 
teristic  of  radiation  induced  cell  alterations.  After  plasmid  ther¬ 
apy,  areas  of  tumor  destruction  at  the  periphery  of  the  tumor 
nodules  were  observed  with  apoptotic  cells,  infiltration  of  in¬ 
flammatory  cells  and  vascular  damage  whereas  60-70%  of  vi¬ 
able  tumor  was  seen  in  the  center  of  the  tumor  (Fig.  3E).  By 
day  9  after  the  end  of  gene  therapy,  most  of  the  tumor  showed 
little  apoptosis  (Fig.  3F).  In  contrast,  treatment  with  radiation 
and  plasmid  therapy  resulted  in  small  tumor  nodules,  showing 
significant  changes  already  at  1  day  after  the  end  of  gene  ther¬ 
apy  that  became  prominent  at  4  and  9  days  after  therapy.  Tu¬ 
mor  presented  with  large  areas  of  necrosis  associated  with  cell 
debris,  apoptotic  bodies,  fibrosis,  and  focal  hemorrhages  (Fig. 

311).  Few  or  no  viable  tumor  cells  were  observed  as  confirmed 
by  the  large  number  of  stained  apoptotic  cells  in  TUNEL  (Fig. 

3G).  A  heavy  infiltration  of  inflammatory  cells  in  the  periph¬ 
ery  and  inside  the  tumor  nodule  consisted  of  lymphocytes,  his¬ 
tiocytes  and  neutrophils.  These  data  were  consistently  repro¬ 
duced  in  a  second  experiment. 


DISCUSSION 

We  have  developed  a  novel  approach  combining  selective 
tumor  irradiation  with  gene-mediated  immunotherapy  that  con¬ 
verts  tumor  cells,  in  situ,  into  a  curative  cancer  vaccine  in  the 
murine  RM-9  prostate  tumor  model.  We  showed  that  intratu¬ 
moral  gene  therapy  of  established  RM-9  subcutaneous  tumor 
nodules  with  plasmid  cDNAs  coding  for  the  MHC  class  I  in¬ 
ducer  IFN-y,  the  MHC  class  II  inducer  CIITA  and  an  Ii  sup¬ 
pressor  gene,  to  upregulate  MHC  class  I  and  class  II  molecules 
and  suppress  the  Ii  invariant  chain,  transiently  inhibited  tumor 
growth  (Hillman  et  ah,  2003b).  This  effect  suggested  that  this 
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FIG.  2.  Viability  of  tumor  cells  after  tumor  irradi¬ 
ation  and  gene  therapy.  Established  subcutaneous 
RM-9  tumors  were  irradiated  with  8  Gy  photons  on 
day  5  and  injected  intratumorally  with  pCIITA  plus 
pIFN-y  plus  pli-RGC  plus  pIL-2  plasmids  for  four 
consecutive  days  on  days  6-9  as  detailed  in  Materi¬ 
als  and  Methods.  On  days  1.  5,  8,  and  13  postradia¬ 
tion  (corresponding  to  days  0.  1,4,  and  9  after  gene 
therapy),  tumors  were  resected,  weighed,  and  disso¬ 
ciated  into  single-cell  suspension  for  cell  count  and 
colony  formation  assay  as  detailed  in  Materials  and 
Methods.  The  tumor  weight  (A),  the  number  of  vi¬ 
able  cells/tumor  (B)  and  the  cell  surviving  fraction 
obtained  from  the  colony  assay  (C)  are  shown  for  tu¬ 
mors  resected  from  control  mice  and  individual  mice 
treated  with  radiation  or  plasmid  therapy  or  both  ra¬ 
diation  and  plasmid.  In  (C),  the  mean  surviving  frac¬ 
tion  ±  standard  deviation  (SD)  calculated  on  tripli¬ 
cate  wells  is  reported. 


FIG.  3.  Histology  of  RM-9  tumors  treated  with  radiation  and  plasmid  gene  therapy.  Established  subcutaneous  RM-9  tumors 
were  irradiated  with  8  Gy  photons  on  day  5  and  injected  intratumorally  with  pCIITA  plus  plFN-y  plus  pli-RGC  plus  pIL-2  plas¬ 
mids  for  4  consecutive  days  on  days  6  9  as  detailed  in  Materials  and  Methods.  Tumors  were  resected  at  different  time  points 
and  tumor  sections  were  stained  with  hematoxylin  and  eosin  (H&E;  A.  C.  E.  H)  or  for  apoptosis  with  TUNEL  In  Situ  Cell  Death 
Detection  Kit  peroxidase  POD  (B,  D,  F,  G)  as  described  in  Materials  and  Methods.  The  main  findings  were  labeled  on  the  prints 
with  T  for  tumor,  A  for  apoptosis,  II  for  hemorrhages,  N  for  necrosis,  F  for  fibrosis,  and  IF  for  inflammatory  cells.  A:  Untreated 
tumor,  sheets  of  pleomorphic  epithelial  cells  with  frequent  mitosis.  B:  Untreated  tumor  stained  with  TUNEL  showing  few  stained 
cells.  C:  Radiation  treated  tumor  on  day  1  postradiation,  note  focal  areas  of  apoptotic  cells  as  confirmed  by  TUNEL  staining  in 
(D).  E:  Tumor  treated  with  plasmids  at  4  days  after  the  end  of  gene  therapy  showing  areas  of  tumor  destruction  and  areas  of  vi¬ 
able  tumor.  F:  Tumor  treated  with  plasmids  at  9  days  after  the  end  of  gene  therapy  stained  with  TUNEL  confirming  viable  tu¬ 
mor  and  minimal  apoptosis.  H:  Radiation-  plus  plasmid-treated  tumor  at  4  days  after  the  end  of  gene  therapy  showing  large  ar¬ 
eas  of  necrosis  with  extensive  apoptosis,  focal  hemorrhages,  fibrosis,  and  inflammatory  cells.  G:  Radiation-  plus  plasmid-treated  ^ 
tumor  at  9  days  after  the  end  of  gene  therapy  stained  with  TUNEL  exhibiting  large  numbers  of  apoptotic  cells.  All  magnifica¬ 
tions,  X50. 
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gene  therapy  approach  induced  an  immune  response,  but  that 
this  response  was  not  sufficient  to  eradicate  the  poorly  im¬ 
munogenic  and  rapidly  growing  tumors  in  the  RM-9  model. 
However,  when  radiation  was  applied  to  RM-9  tumors  I  day 
prior  to  intratumoral  gene  therapy,  complete  tumor  regressions 
occurred  in  approximately  50%  of  the  mice  (Hillman  et  al., 
2003b).  These  complete  responders,  rendered  tumor-free  by  the 
combined  therapy,  were  immune  to  rcchallcnge  with  parental 
tumor  and  demonstrated  specific  cytotoxic  T  cell  activity  (Hill¬ 
man  et  al.,  2003b).  These  data  confirm  that  minor  irradiation 
in  conjunction  with  gene-mediated  immunotherapy  induced  a 
significantly  stronger  antitumor  immune  response  resulting  in 
eradication  of  the  tumor  nodule  and  long-lasting  minor  immu¬ 
nity.  This  effect  was  obtained  when  gene  therapy  was  admin¬ 
istered  by  injections  of  a  mixture  of  the  four  individual  plas¬ 
mid  vectors.  CIITA,  IFNy,  li-RGC,  and  1L-2  in  liposome 
formulation. 

To  determine  the  role  of  each  plasmid  in  induction  of  the  an¬ 
titumor  immune  response,  we  have  treated  established  RM-9 
subcutaneous  tumors  with  radiation  followed  a  day  later  by  in- 
trammoral  plasmid  injections  using  various  combinations  of  the 
four  plasmids.  We  found  that  radiation  and  gene  therapy  using 
adjuvant  plasmids  IL-2  or  li-RGC  or  both  were  ineffective  at 
causing  complete  tumor  regression.  These  data  confirm  that 
pIL-2  is  not  therapeutic  at  the  low  dose  of  3  /eg  used  in  these 
studies  in  contrast  to  the  50-ju.g  tumoricidal  dose  used  in  Other 
studies  (Saffran  et  al.,  1998).  As  expected,  pli-RGC  by  itself  is 
not  sufficient  to  cause  an  effect  on  tumor  growth  in  RM-9  cells 
negative  for  li  and  MHC  class  II  molecules.  Similarly,  upreg- 
ulation  of  MHC  class  1  molecules  by  IFN-y  plasmid  was  not 
sufficient  to  lead  to  a  complete  response  even  when  IL-2  plas¬ 
mid  was  added.  These  data  indicate  that  tumor  cells  expressing 
only  MHC  class  I  molecules  presenting  TAA  and  not  class  II 
molecules  cannot  act  as  APCs  to  mediate  a  strong  antitumor 
immune  response  via  stimulation  of  CD8+  cytotoxic  T  cells. 
However,  upregulation  of  MHC  class  II  molecules  by  the  CI¬ 
ITA  plasmid  and  inhibition  of  Ii  synthesis  by  li-RGC  caused 
complete  tumor  regression  associated  with  specific  immunity 
in  30%  of  the  mice  but  only  when  supplemented  with  low  doses 
of  IL-2  plasmid.  These  data  suggest  the  importance  of  stimu¬ 
lation  of  CD4  ‘  T  cells  by  novel  endogenous  TAA  presented 
by  Ml  1C  molecules  (Hillman  el  al.,  2004a;  Xu  el  al.,  2004). 
IL-2  may  play  a  role  in  regulating  the  T  cell  activation.  Induc¬ 
tion  of  MHC  class  I+/class  11+  by  mixed  CIITA  and  IFN-y 
plasmids  was  not  effective  but  addition  of  li-RGC  or  IL-2  plas¬ 
mids  led  to  14-27%  complete  responders. 

The  combination  of  the  four  IFN-y,  CIITA.  li-RGC,  and  IL- 
2  plasmids  with  tumor  irradiation  consistently  led  to  a  specific 
antitumor  immune  response  associated  with  long-lasting  com¬ 
plete  tumor  regression  and  immunity  to  tumor  rechallenge  in 
more  than  50%  of  the  mice.  These  data  demonstrate  that  an  op¬ 
timal  and  specific  antitumor  immune  response  is  achieved  in 
mice  treated  with  tumor  irradiation  followed  by  gene  therapy, 
with  a  combination  of  the  four  plasmids  pCIITA,  plFN-y,  pli- 
RGC,  and  pIL-2,  converting  the  tumor  cells  in  situ  to  the  MHC 
class  I+/class  II+/li-  phenotype.  Such  a  phenotype  helped  by 
the  adjuvant  cytokine  IL-2,  probably  acting  as  the  second  sig¬ 
nal  for  T  cell  stimulation  in  addition  to  MHC  presenting  tumor 
peptides  to  the  T  cell  receptor,  converts  the  cells  into  a  cancer 
vaccine.  IL-2  may  also  act  to  sustain  and  enhance  the  T  cell  ac¬ 


tivation  triggered  by  modified  tumor  cells  as  previously  shown 
in  other  studies  (Kim  et  al.,  2001). 

Modified  MHC  class  I+/class  II+/H-  cells  allow  for  pre¬ 
sentation  of  endogenous  tumor  antigens  by  MHC  class  II  mol¬ 
ecules  to  CD4  ‘  T  helper  cells.  We  have  now  demonstrated  that 
these  helper  T  cells  play  an  essential  role  in  the  induction  of  a 
complete  antitumor  immune  response  triggered  by  our  com¬ 
bined  radiation  and  gene  therapy  approach.  Depletion  of  CD4  1 
T  helper  cells  in  vivo  prior  to  and  during  radiation/gene  ther¬ 
apy  treatment  abrogated  the  complete  antitumor  response  in¬ 
duced  by  radiation  and  plasmid  therapy.  Depletion  of  CDS  ‘ 
cytotoxic  T  cells  also  resulted  in  the  elimination  of  complete 
responders.  Immune  monitoring  of  CD4+  T  cells  and  CD8+  T 
cells  confirmed  that  these  cells  were  depleted  before  therapy 
and  for  at  least  4  weeks  after  therapy,  a  crucial  time  for  the  an¬ 
titumor  immune  response  to  develop.  These  data  demonstrate 
that  the  antitumor  effect  observed  after  tumor  irradiation  and 
genetic  modification  of  tumor  cells  to  the  MHC  class  I  +/class 
II+/Ii-  phenotype  is  mediated  by  induction  of  a  robust  antitu¬ 
mor  immune  response  dependent  on  both  C'D4 '  helper  and 
CD8+  cytotoxic  T  cell  subsets. 

These  studies  provide  a  direct  confirmation  that  creation  of 
the  MHC  class  I+/II+/Ii-  phenotype  to  allow  tumor  cells  si¬ 
multaneously  present  both  MHC  class  I-  and  class  1 1-rcstrictecl 
TAA  epitopes  has  the  potential  to  trigger  a  robust  and  specific 
antitumor  immune  response  able  to  eradicate  the  tumor.  In¬ 
duction  of  MHC  class  II  molecules  and  Ii  by  CIITA  together 
with  suppression  of  Ii  by  li-RGC,  is  a  clinically  practical 
method  because  both  CIITA  and  li  genes  are  monoallelic  (Hill¬ 
man  el  al.,  2004a;  Xu  et  al.,  2004.).  Transfecting  the  tumors  of 
each  patient  with  genes  for  his  or  her  own  MHC  class  II  alle¬ 
les  is  not  clinically  practical  in  large  numbers  of  patients. 

The  mechanisms  by  which  tumor  irradiation  enhances  the 
therapeutic  efficacy  of  intratumoral  gene  therapy,  for  in  situ 
conversion  of  tumor  cells  into  a  cancer  vaccine,  is  a  major  fo¬ 
cus  of  our  work.  Two  possible  mechanisms  for  radiation  en¬ 
hancement  of  gene  therapy  arc  the  DNA-damaging  and  tissue- 
dcbulking  effects  that  slow  tumor  growth  and  give  time  for  the 
immune  response  to  become  effective  (Dezso  et  al..  1 996;  Hill¬ 
man  et  al.,  2003b).  We  have  now  shown  that  as  early  as  1  day 
after  tumor  irradiation,  at  the  time  of  initiation  of  plasmid  in¬ 
jections,  there  are  already  five  times  fewer  viable  cells  isolated 
from  irradiated  tumors  compared  to  control  tumors.  A  60%  in¬ 
hibition  in  the  division  ability  of  these  in  situ  irradiated  tumor 
cells,  relative  to  cells  from  control  tumors,  was  measured  in  a 
colony  formation  assay.  These  data  confinn  that  at  the  time 
gene  therapy  is  initiated  in  the  irradiated  tumor  nodules,  there 
is  a  significantly  lower  number  of  functional  cells,  increasing 
the  probability  of  tumor  cell  transfection  and  consistent  with 
the  debulking  effect  of  radiation.  Moreover,  this  effect  persists 
for  almost  2  weeks  after  radiation  as  seen  in  inhibition  of  tu¬ 
mor  growth,  lower  number  of  viable  cells,  and  decrease  in  di¬ 
vision  ability.  These  findings  were  confirmed  by  the  histologic 
observation  of  irradiated  tumors  presenting  with  focal  areas  of 
apoptotic  cells  as  soon  as  1  day  postradiation.  By  2  weeks  af¬ 
ter  radiation,  remaining  viable  tumor  was  observed,  consistent 
with  subsequent  tumor  regrowth.  As  shown  in  our  previous 
studies,  inhibition  of  growth  of  irradiated  tumors  was  transient 
and  growth  resumed  after  2  weeks  after  radiation  corroborat¬ 
ing  the  present  findings  (Hillman  et  al.,  2003b).  Monitoring  of 
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cells  isolated  from  plasmid  treated  tumors  also  showed  inhi¬ 
bition  of  30-40%  of  the  ability  to  form  colonies,  consistent 
with  the  transient  inhibition  observed  in  tumor  growth  (Hill¬ 
man  el  al.,  2003b).  In  contrast,  the  effect  of  gene  therapy  com¬ 
bined  with  prior  tumor  irradiation  was  more  drastic  and  ob¬ 
served  already  just  at  one  day  after  the  end  of  gene  therapy 
with  a  decrease  in  tumor  size,  recovery  of  few  viable  cells  with 
limited  or  no  ability  to  divide  in  the  colony  assay.  This  dra¬ 
matic  inhibition  of  tumor  growth  persisted  and  was  confirmed 
by  the  histologic  observation  of  complete  destruction  of  tumor 
cells.  Tumor  nodules  showed  extensive  necrosis,  apoptosis, 
and  fibrosis. 

Another  possibility  for  mechanism  of  interaction  between 
the  two  modalities  is  that  radiation-induced  tissue  damage  mo¬ 
bilizes  inflammatoiy  cells  in  the  tumor  vicinity  that  can  be 
readily  activated  by  in  situ  gene  therapy  (Dezso  et  al,  1996). 

In  this  study,  we  showed  that  radiation  caused  vascular  dam¬ 
age  and  infiltration  of  PMN  and  lymphocytes  in  RM-9  tumors 
confirming  mobilization  of  inflammatory  cells.  A  large  influx 
of  inflammatory  cells  consisting  of  lymphocytes,  neutrophils, 
and  histiocytes  was  observed  in  tumors  treated  with  radiation 
and  plasmid  therapy  localized  both  at  the  peripheiy  and  inside 
the  nodules  in  areas  of  fibrosis  and  necrosis.  This  is  consistent 
with  our  findings  of  induction  of  antitumor  immune  response 
associated  with  T  cell  activity  as  shown  in  the  T  cell  depletion 
experiments  (Fig.  1 )  and  cytotoxic  T  cell  activity  previously 
demonstrated  (Hillman  et  al.,  2003b).  Interestingly,  an  influx 
of  inflammatory  cells  associated  with  tumor  destruction  was 
also  seen  in  nonirradiated  plasmid-treated  tumors,  but  it  was 
localized  only  at  the  periphery  of  the  tumor  while  tumor  in  the 
center  of  the  nodule  looked  viable  and  resulted  in  tumor  re¬ 
growth.  Radiation  might  enhance  the  permeability  of  the  tu¬ 
mor  allowing  a  greater  influx  of  activated  immune  cells  inside 
the  nodules. 

Radiation  could  increase  gene  transduction  efficiency  and 
duration  of  expression  of  surviving  tumor  cells,  thus  improv¬ 
ing  efficiency  of  in  situ  genetic  modification  leading  to  an  im¬ 
mune  response  that  eradicated  remaining  tumor  cells.  Radiation 
improved  the  transfection  efficiency  of  plasmid  DNA  in  nor¬ 
mal  and  malignant  cells,  in  vitro,  resulting  from  radiation-in¬ 
duced  DNA  breaks  and  DNA  repair  mechanisms  (Zeng  et  al., 
1997).  These  studies  showed  that  radiation  followed  by  plas¬ 
mid  or  adenoviral  transfection  enhanced  integration  of  the  trans- 
gene  (Stevens  et  al..  1 996:  Zeng  et  al,  1 997).  Other  recent  stud¬ 
ies  also  showed  that  ionizing  radiation  increased  adenoviral 
vector  uptake  and  improved  transgene  expression  in  tumor 
xenografts  (Zhang  el  al.,  2003).  We  found  that  minor  irradia¬ 
tion  also  enhanced  the  anti-tumor  response  mediated  by  intra- 
tumoral  injections  of  the  IL-2  adenovector  (Ad-IL-2)  in  the 
Renca  murine  renal  adenocarcinoma  (Hillman  et  al.,  2004b). 
Our  preliminary  studies  in  the  RM-9  and  Renca  models,  using 
intratumoral  injections  of  Ad-IL-2,  show  that  radiation  poten¬ 
tiates  the  genetic  modification  of  the  tumor  cells  by  increasing 
both  the  level  and  duration  of  expression  of  transfected  genes 
(unpublished  observations).  Our  studies  and  others  indicate  that 
radiation  improves  gene  transfection  efficiency.  Radiation 
might  also  limit  suppressive  immunoregulatory  T  cells;  previ¬ 
ous  studies  in  the  RM  model  have  shown  evidence  that  RM  tu¬ 
mors  are  immunosuppressive  and  induce  minor-specific  CD4-P 
rcgulatory  T  cells  (Griffith  et  al,  2001). 


We  are  pursuing  additional  studies  to  clarify  further  the 
mechanisms  by  which  radiation  improves  the  efficacy  of  gene 
therapy,  to  optimize  the  conditions  of  radiation/plasmid  com¬ 
bination  to  increase  therapeutic  efficacy,  and  to  test  this  novel 
approach  in  orthotopic  transplants  for  both  local  tumor  eradi¬ 
cation  and  control  of  spontaneous  metastases.  In  addition,  we 
are  addressing  the  question  as  to  why  1 00%  of  the  mice  are  not 
cured.  Possibly,  we  are  already  at  nearly  optimal  conditions  for 
our  therapy  and  failure  to  cure  lies  in  issues  of  T  cell  im- 
muuorcgulatory  function,  tumor  cell  sequestration,  and  protec¬ 
tive  fibrosis.  One  might  be  able  to  anticipate  in  which  mice 
cures  will  not  occur  by  polymerase  chain  reaction  (PCR)  anal¬ 
ysis  of  cytokine  transcripts  of  defined  subsets  of  tumor-infil¬ 
trating  lymphocytes. 
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